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ABSTRACT
The weight reduction of vehicles and airplanes in the automotive and aerospace industries
is urgently needed due to the government regulation and market demand. To satisfy engineering
performance of lightweight auto and aero components, high strength light alloys such as aluminum
(Al) or magnesium (Mg) alloys are usually adopted. This study was intended to explore a solution
for casting high strength cast and wrought Al and Mg alloys. Before light alloys can be utilized for
mass production, critical processing parameters need to be accurately determined. The interfacial
heat transfer coefficient is one of the most important factors in casting processes.
To start with this study, a step die was designed for squeeze casting with five different
section thickness of 2, 4, 8, 12, and 20 mm, which were named steps 1, 2, 3, 4 and 5. An experiment
was performed to investigate the effect of casting section thicknesses on the Interfacial Heat
Transfer Coefficient (IHTC) during squeeze casting of aluminum cast alloy A380. This experiment
focused on revealing the dependence of the IHTC on the heat flux for a specific section thickness
as well as the IHTC variation with the step casting thickness under an applied pressure of 90 MPa
during the solidification process. To understand the effects of both the applied pressures and
section thicknesses on the IHTCs, magnesium cast alloy AZ91, and wrought alloy AZ31 were
squeeze casted under the various applied pressures of 0, 30, 60, and 90 MPa. During squeeze
casting, temperatures in the different locations of the step die and at the casting surface were

recorded. Heat fluxes through the interface between the die and casting and the die surface and
temperatures were calculated through the inverse method. With the calculated heat flux and die
surface temperature as well as the measured casting surface temperature, the interfacial heat
vi

transfer coefficients as a function of time were obtained. With the IHTC versus time relation, the
IHTC peak values of each step were identified, which were noticed to increase accordingly as the
applied pressure and section thickness increased. In comparison with the thinner steps, the
comparatively thicker steps exhibited higher heat fluxes and IHTC values under a specific pressure.

Lastly, the empirical equations relating the IHTCs to the section thickness and casting temperature for
various applied pressures were derived by multivariate linear and polynomial regression for
magnesium cast alloy AZ91 and wrought alloy AZ31. To demonstrate their application, the IHTC
values determined by the inverse method were imported into the casting simulation software
(MAGMAsoft) to simulate the solidification sequence of the five-step casting. The performed
simulation revealed that the numerically computed temperatures were in excellent agreement with the
experimental measurements.
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CHAPTER 1
1. INTRODUCTION

Being strict greenhouse gas emission limitation regulations issued by governing authorities and
pollution control bylaws, lighter vehicles with downsized engines has become a trend for
automotive companies to develop regulation and bylaw permitted products. The direct weight
reduction can be realized through updated design of utilizing light structure materials including
aluminum or magnesium alloys. Previously, engine capacity of sedans has much more power
output than those actually required. In this scenario, utilizing some portion of power output from
big engine reflects uneconomical and inefficient. To overcome the issue, downsized engine
becomes a solution by decreasing emission and improve vehicle performance recently. The
conventional method to realize drivable need is to use turbocharging and/or supercharging engines.
Those techniques compress the air in the engine, burn fuel sufficiently, and generate enough
power.

Several years ago, three cylinder engines have been casted attention by vehicle designers and
engineers due to their low consumption of gasoline compared to four cylinder counterpart, while
vehicle performance cannot be trade off. The smaller the engine size, the less fuel it burns for
achieving the vehicle more fuel efficient. However, high strength materials need to be chosen
within downsized engines to improve drivable performance and keep power output.

1

As aluminum density is about one-third of iron one, engine weight reduction need to develop high
strength aluminum alloys and their pertinent manufacturing processes. Until present time, there
are two roadmaps for lessening weight:


Decreasing weight of body and chassis components via using advanced materials and;



Developing light materials for engine and powertrain.

The first choice is for using high strength steel, aluminum or fiber-reinforced polymer composites
instead of commercially mild carbon steels. The cost-effective processing parameters and
properties of those materials are well made and attained. Meanwhile, study and development work
have been emphasized on optimum processes for welding, coating and recycling. The second
route is setting a milestone i.e. at least 50% weight reduction for selected engine components by
utilizing aluminum and magnesium alloys. In addition, extensive R&D is necessary for original
equipment manufacturers (OEMs) to gain stable and desired properties of combining those
materials with reasonable production costs. More application of magnesium alloys in automotive
industry gives rise to increase demand of high pressure die casting (HPDC) magnesium alloy
components. Based on Australian Magnesium Corp Ltd (AMC), HPDC magnesium automotive
components use up approximately 150 kilotons magnesium alloys annually, which is 1.3 time
quantity consumption compared to that in eight year ago. In addition, it predicts that there is 3%
increase rate per year. This tendency of magnesium usage has triggered the motivation for
upgrading alloys and improving process parameters in the magnesium production industry and
pinpoint potential application of cast and wrought magnesium products [1].

As the rule of thumb, wrought components are usually made through conventional working
processes such as forging, extrusion, or rolling, which are energy-intensive and time-consuming
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process. Squeeze casting is one-step forming final-shape process and shows isotropic properties
associated with desired microstructure in the components. Furthermore, similar or improved
tensile properties can be obtained in wrought alloys without conducting conventional casting
process and working procedure afterwards.

Therefore, squeeze casting technique may become a feasible process to produce wrought alloy
due to the progress in recent years [2].

Squeeze casting is referred to a fabrication technique where, a permanent mold is filled by liquid
metal under applied pressure transferred through a hydraulic pusher until solidification is
complete. It is also called as squeeze forming, liquid metal forging, extrusion casting and pressure
crystallization. Its main feature is that liquid metal solidifies under direct action of hydraulic
pressure. Four key advantages of squeeze casting: a) gas and/or shrinkage porosity free
components produced; b) No feeders and/or risers are included in avoid of metal wastage; c) alloy
fluidity (castability) is not a major concern in squeeze casting as cast and wrought alloys can be
pressurized to form net shape; d) squeeze casting can raise mechanical properties of wrought
products. Meanwhile, reduction of grain size and the dendrite arm spacing with more dendrites
appearance with applied pressure enhancement may attribute to greatly improved mechanical
properties of squeeze casting alloys [3].

Squeeze casting shows high metal output, none or minimum gas or shrinkage porosity, superior
surface finish and low operating costs. This process provides probably the most effective and
efficient road to reach near final-shape components and metal matrix composites for engineering
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applications. Compared to other casting techniques currently used at present time, squeeze casting
has a greater potential to obtain minimum defective cast components. Since the as-fabricated
components can be readily utilized into service or after a minor post-fabrication treatment,
squeeze casting is considered a net or near final-shape fabrication route.

The majority of components are currently squeeze-cast from conventional Al-Si casting alloys
such as A356. It has also been reported that the pressure applied to wrought aluminum alloys
during squeeze casting, particularly the heat-treatable 2000 (Al-Cu), 5000 (Al-Mn-Mg), 6000 (AlSi-Mg), and 7000 (Al-Zn-Cu-Mg) group, to be cast to shape for giving high-strength and ductile
components [4-6].

Many efforts have been explored to determine accurate interfacial heat fluxes and interfacial heat
transfer coefficient (IHTC) at the die/metal interface for the last forty years. Meanwhile, a number
of mathematical casting simulation models which dramatically changed the way the traditional
foundry work has also been developed. Instead of actual trials, casting simulation helps conduct
the analysis and optimization before the casting process. The casting simulation has also achieved
more efficient and cost effective production with the least development time and minimum
product defects prior to the real casting process. The precise modeling of the casting process of
metals requires adequate knowledge of the interfacial heat transfer coefficient (IHTC) at the
mold/metal interface as a function of both time and location. IHTC is an important factor which
can determine the quality of the product due to influence of thermal history of the casting on the
microstructures of final products.
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2. OBJECTIVES
In the present work, the major effort was focused on analyzing and precisely determining the
interfacial heat transfer coefficients (IHTCs) for simulating squeeze casting of aluminum and
magnesium cast alloys (A380 and AZ91) and magnesium wrought alloy (AZ31). The objectives
of this work were:
a. To develop an experimental tooling for temperature gradient measurement in
order to evaluate the IHTCs at the metal/mold interface;
b. To investigate and select the modeling technique to precisely determining IHTCs
at the metal/mold interface;
c.

To calculate the IHTC values for squeeze casting of aluminum and magnesium
cast alloys, i.e., A380 and AZ91, with various section thickness under different
applied pressures;

d.

To calculate the IHTC values for squeeze casting of magnesium wrought alloy,
i.e., AZ31, with various section thickness under different applied pressures; and

e.

To establish the relationships between the IHTCs, applied pressures and section
wall thicknesses for squeeze castings of light cast alloy A380 and AZ91 and
wrought alloy AZ31.

3. DISSERTATION OUTLINE
This work contained in the dissertation is composed of seven chapters:
In Chapter 1, an introductory part was provided, and the objectives and a general outline of the
work were presented.
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In Chapter 2, a literature review for this study is summarized. Squeeze casting with several IHTC
evaluation methods for the aluminum and magnesium cast alloys as well as magnesium wrought
alloy was presented.
In Chapter 3, a study on characterizing the IHTC versus time at the interface between the die and
casting during squeeze cast of aluminum alloy A380 with five section thicknesses, i.e., five steps,
was presented. In the squeeze casting process, the applied hydraulic pressure directly impacted the
heat transfer coefficients between casting and mold, and subsequently the solidification behavior
of the casting. Type-K thermocouples were utilized for measuring temperatures at four locations
i.e. casting surface, 2, 4, and 8 mm away from the inner die surface inside the die. Under an applied
pressure of 90 MPa, the squeeze casting experiment was carried out. The results showed that the
IHTC values for all five steps exhibited similar trends of increasing, peaking and decreasing for
all the five steps of the A380 squeeze casting. The variation of the IHTC values from high to low
was step 5 > step 4 > step 3 > step 2 > step 1 in the entire duration of squeeze casting.

In Chapter 4, the work on magnesium cast alloy AZ91 was presented, in which thermocouples
were employed to record temperature at four locations under the 60 MPa hydraulic pressure in a
5-step squeeze casting mold. The inverse method was utilized to derive the heat fluxes and IHTCs
for the 5 steps. The regression equations showing the relationship between the IHTCs and the
casting section thicknesses were given.

Chapter 5 gave the IHTC results of squeeze cast Mg alloy AZ91 consisting of five steps with the
section thicknesses of 2, 4, 8, 12 and 20 mm. The step castings were prepared under four applied
pressure of 0, 30, 60 and 90 MPa in a P20 steel mold installed in a 75-ton hydraulic press machine. ,
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The interfacial heat transfer coefficient (IHTC) between the die and casting was determined from
the temperature measurement inside the casting and throughout the die at a distance of 2, 4 and 8
mm to the die surface. The temperature readings were recorded by 1.5 mm Type-K
thermocouples. Based on the thermal gradient, the heat fluxes (q) and IHTCs were evaluated using
the inverse method. The MAGMAsoft simulation of the step casting indicated the inverse
algorithm was capable of determining the IHTC between the squeeze casting and mold precisely
and reliably.

Chapter 6 illustrated a 5-step casting of magnesium wrought alloy AZ31 with five steps of 2, 4, 8,
12 and 20 mm squeeze cast under three applied hydraulic pressure of 30, 60 and 90 MPa. The
temperature profiles inside the die and on the casting surface were measured. Based on the
temperature measurements of the casting at each step and the temperature at difference distance
underneath the die surface (2, 4 and 8 mm) of each step, the inverse method of heat conduction
was introduced and applied in determining the heat fluxes and IHTCs at the metal/mold interface.
The equations derived from the multivariate linear and polynomial regression method showed the
relation between the IHTCs, the section thicknesses and casting temperatures under three hydraulic
pressures. The difference between the temperatures predicted by the MAGMAsoft simulation with
the calculated IHTCs and the experimental measurements in the center of the step casting was
depicted and discussed.

In Chapter 7, important conclusions drawn from the preceding chapters were summarized, together
with suggestions for future work based on original knowledge.
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CHAPTER 2
LITERATURE REVIEW
1. COMMON CAST AND WROUGHT LIGHT ALLOYS
1.1 Aluminum Cast Alloy A380
Aluminum cast alloy A380 is the most widely used aluminum die-casting alloy, which is usually
manufactured by the high pressure die casting process (HPDC). The nominal chemical
composition and tensile properties of aluminum and magnesium alloys are given in Table 2-1.
High silicon content (9.0 wt.%) provides good castability, and high copper content contributes to
moderately high strength and good machinability for A380 alloy. The alloy provides a good
combination of cost, strength and corrosion resistance, together with high fluidity and freedom
from hot shortness. The HPDC alloy is used for many components in the automotive, aerospace
and electrical industries [1].

Table 2- 1: Chemical composition and properties of common light alloys [1-3].

Type
Al
Mg

Alloy
Class
Designation
Cast
Cast
Wrought

A380
AZ91
AZ31

Composition (wt %)
Si
Cu
Al
Zn
9.0

3.0
9.0
3.0

1.0
1.0

Tensile and ductility properties
YS
UTS
Elongation
(MPa)
(MPa)
( %)
140
200
3
130
180
3
165
245
12

1.2 Magnesium Wrought Alloy AZ31 and Cast Alloy AZ91
Main alloying elements in wrought magnesium alloys (WMA) are Al, Zn, and Mn; several WMA
can be made by combining different percentage elements above. Table 2.1 lists nominal
compositions and typical room-temperature tensile properties of extruded WMA [2, 3].
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WMAs can be strengthened by alloying Al, Zn, and Mn elements, etc., which can form a strain
field for the difference in atomic radius with one of magnesium. When dislocations move on a
slip plane, the strain field obstruct movement. This phenomenon is termed solid solution
strengthening. Meanwhile, solute atoms lock the dislocation movement and the phenomenon is
termed a pinning effect. If aluminum is added greater than 2 wt.%, it helps enhance the hardening
of the alloy. Aluminum also helps in improving the castability and fluidity of the alloy with the
increase in the tendency of shrinkage micro porosity and enhances the corrosion behavior of
magnesium aluminum alloy. Zinc also plays similar function as that of aluminum and can
accelerate the precipitation during age hardening such as AZ91D. Whereas, manganese can be
added to magnesium alloys for improving the corrosion resistance properties by extracting
cathodic impurities like Fe by the formation of intermetallic compound [4].
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Table 2- 2. Types of heat treatment hardening phases [5]



Part is heated to a temperature above the solvus temperature from
260°C in order to dissolve the second phase in the solid solution.


Solution treatment

The part is held at this temperature for varied period of time until
the dissolving is accomplished.



The temperature and the soaking time of solution treatment should
not be too high and long to prevent excessive growth of the grains.



Quenching is carried out in oil, water, water-air mixture or
sometimes in air.


Quenching

Objective of the quenching operation is to obtain supersaturated
solid solution at room temperature.



Since the second phase retains dissolved at this stage, hardness of
the quenched alloy is lower than after age precipitation, however
higher than hardness of the alloy in annealed state.



Depending on the temperature at which this operation is carried
out, aging may be artificial or natural.

Aging


The treatments are used to relieve stresses and stabilize the alloys

Magnesium-aluminum casting alloys usually contain between 6 and 10% aluminum. Common
structural alloys include AZ63A, AZ81A, AZ91A through E, AZ92A, and AM100A. In addition,
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AZ63B alloy is used as an anode for cathodic protection of steel structures. The most widely used
magnesium cast alloy is AZ91D. The corrosion resistance of this alloy, however, is adversely
affected by iron and nickel. Higher-purity version of AZ91 alloy, such as AZ91D, have corrosion
rates in salt-fog tests that are 100 times lower than for AZ91C, making it comparable to the rates
for aluminum casting alloys. For applications where greater ductility and fracture toughness are
required, a series of high-purity alloys having reduced aluminum contents are available such as
AM60A, AM60B, AM50A, and AM20. The improved properties arise from reduced amount of
Mg17Al12 particles around grain boundaries [6].

2. PROCESSING OF WROUGHT AND CAST LIGHT ALLOYS
Wrought components are generally formed by conventional methods such as forging, extruding, and
rolling, which are energy-intensive process. Squeeze casting is a cost-effective, one-step near final
shape process and have advantages of leading the microstructure within the material thereby isotropic
properties can be realized in components. Besides, wrought grade alloys cannot usually be produced
by conventional casting processes to attain the same level of tensile properties. However, progress in
casting methods in recent years has made it possible to produce wrought alloy by squeeze casting
techniques [7].

Basically, three stages during the solidification process were shown.
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Figure 2-1: Schematic showing the three stages of solidification process at metal/mold interface
[8].
Stage 1, at the initiating of solidification, the contact between molten metal and mold can
be regarded well. Heat transfer is made through conduction from molten metal to the die.
Stage 2, as solid layer forms, the metal shrinks away from the die and a discontinuous air
gap forms. So, the die and solid metal becomes partial contact. The heat transfer is made
through metal/mold conduction at the contact spots and radiation through the air gap.
Stage 3, the solidified metal pulls away completely from the die wall and the heat transfer
is made only through the air gap.

To eliminate the pull-away phenomenon in stage 3, external force can be employed to keep the
metal in contact with the mold as long as possible during the solidification process (stage 1).
Squeeze casting technique could be one of effective choices to accomplish the function.

Squeeze casting is a general term to specify a fabrication technique where, liquid metal is fed into
a permanent die and pressure is applied via a hydraulic pusher until solidification is complete. It
is also called as liquid metal forging, squeeze forming, extrusion casting and pressure
crystallization in which liquid metal solidifies under the direct action of pressure. The major
advantages of squeeze casting include: a) produced parts are free of gas porosity or shrinkage
porosity; b) no feeders or risers are required and hence less metal wastage occurs; c) alloy fluidity
(castability) is not critical in squeeze casting as casting and wrought alloys can be squeeze cast to
net shape with the aid of pressure; d) squeeze castings can have enhanced mechanical properties
of wrought products. On the other hand, some results show that the mechanical properties of
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squeeze casting alloys increase; the grain size and the dendrite arm spacing decrease and more
dendrites appear with the increase of applied pressure [8].

Squeeze casting offers high metal yield, no or minimum gas or shrinkage porosity, excellent
surface finish and low operating costs. This process provides probably the most effective and
efficient route to produce near final-shape components and metal matrix composites for
engineering application. Since the as-fabricated components can be readily used in service or after
a minor post-fabrication treatment, squeeze casting is regarded as a net or near final-shape
fabrication route.

The majority of components are currently squeeze-cast from conventional Al-Si casting alloys
such as A356. Squeeze casting of wrought Al alloys, particularly the heat-treatable 2000 (Al-Cu),
5000 (Al-Mn-Mg), 6000 (Al-Si-Mg), and 7000 (Al-Zn-Cu-Mg) group has been attempted to make
light weight high-strength and ductile materials. For example, it has been reported that the squeeze
cast 7010 alloy has a UTS of 551 MPa and a ductility of 12.2%, similar to the UTS and ductility
of the same alloy in the wrought condition. The tensile properties of the squeeze cast alloy have
been shown to be grain-size dependent, fine grain structure always resulting in a higher tensile
strength and ductility [7-11].

3. HEAT TRANSFER IN SQUEEZE CASTING

For conventional working process such as rolling or welding, the shapes of the product cannot be
economically formed in one piece through a single process. For casting processes, it is possible to
fabricate large and intricate shape product in one operation. The inefficiency of casting operations of
the past has been improved significantly through numerous innovations that have taken place so that

14

precision cast components can be produced as reported by Higgins [12]. One method that has gained
acceptability in casting processes is the squeeze casting [13]. Squeeze casting is one of promising cast
techniques used for the production of engineering components mostly in non-ferrous metals by the

application of external pressures on the cast metal to eliminate defects associated with shrinkage
cavities and/or gas porosity. During squeeze casting operation, the molten metal is compressed
under pressures inside the cavity of a re-usable metal die, usually made of steel. Squeeze casting
offers considerable saving in cost for large production quantities when the size of the casting is
not very large. Das and Chatterjee [14] reported that the permanent-mold casting method becomes
impracticable when large castings and alloys with high melting temperature applied. On the other
hand, the mold used in squeeze casting apart from being economically re-usable has the advantages
of producing good surface finish, close dimensional tolerance and defect free products [14].

The solidification of the molten aluminum in the steel mold takes a complex form. All mechanisms
of heat transfer are involved and the solidifying metal undergoes state and phase changes during
solidification of metals [14, 15]. The final structure and properties of the cast alloy rely on the
casting parameters such as applied pressure, die temperature and pouring temperature of the liquid
metals [16].

Kim and Lee [17] studied time varying heat transfer coefficients between a tube-shaped casting
and metal molds. They found that the heat transfer coefficients at the interface of the inner mould
decreased temporarily and then increased, while the one at the outer interface of the mold
decreased monotonously to a quasi-steady state.
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Browne and O’Mahoney [18] carried out experimental determinations of interface heat transfer
coefficients relating to solidification range, metallostatic head, investment shell thickness, pre-heat
and interface geometry and concluded that effect of metallostatic head was only significant for
long freezing-range alloys while increasing shell mould thickness and pre-heat also had effects
that were alloy dependent.

Maeng et al.[19] investigated the effect of processing parameters on the microstructure and
mechanical properties of modified B390 alloy in direct squeeze casting by using commercial finite
volume method code for heat transfer analysis, and MAGMAsoft for cooling curves. In this model,
the heat transfer was considered constant for a specific applied pressure.

Krishna et al.[20] estimated the IHTC for A356 during an indirect squeeze casting process. They
calculated temperature histories inside the die and casting with varied IHTC values, and chose the
best correlation one between measured and calculated values. The authors concluded that there
was a critical value of squeeze pressure beyond which the heat transfer did not significantly
improve.

Chattopadhyay [21] simulated the transport process during squeeze casting of A356 alloy. The
solidification time of the squeeze process was numerically found to change inversely with the
IHTC. Beyond an IHTC range of 20,000–40,000 W/m2 K in simulation, increasing heat transfer
has little effect in reducing solidification. Also, in squeeze casting processes, a pressure around
60–100 MPa should be considered to be optimal, beyond which little improvement was observed
in terms of cycle times and casting quality.

16

Hasan and Begum [22] used a 3-D modelling simulating semi-continuous casting of magnesium
alloy AZ91 for an industrial-sized slab. The results showed that, for an inlet superheat of 64°C, for
the range of casting speeds varying from 40 to 100 mm/min, for the metal-mould contact region
variation of 20 to 50 mm with the effective heat transfer coefficient (HTC) at the metal-mould
contact region ranging between 2000 W/m2 K to 4000 W/m2 K.

Arunkumar et al. [23] explored 2-D heat transfer of gravity die casting, and investigated how
preliminarily varying temperature field that typically appeared after filling of the mold caused the
distribution of heat flux, and triggered air-gap formation around the casting-mold interface nonuniformly.

Dargusch et al. [25] showed the maximum IHTC value of 90,000–112,000 W/m2 K for the HPDC
Mg AZ91 alloy with the section thicknesses of 2–5 mm, which decreased to low ones in a short
period of time. The variation of the IHTC values with a peak arrival following a quick drop in the
HPDC was attributed to the occurrence of rapid solidification and high fraction solid in the mold
cavity leading to a reduction of pressure transmitted from the piston to the casting mold interface.

4. INTERFACIAL HEAT TRANSFER COEFFICIENT

For the delivery of liquid metal, heat transfer between a solidified casting and the mold is another
critical factor for achievement of high quality in the final product. When liquid metal is moved
into the mold cavity, heat is simultaneously transferred from the cast to the mold. It is important
to understand the heat transfer behaviour at the metal/mold interface. It determines the quality of

17

the product because the thermal history of the casting significantly influences the microstructures
of the final product.

For any newly developed material, the most common industry practice is to assume IHTC values
as constant during the casting cycle, although some modellers have used time or temperature
dependent values. These coefficients are only roughly estimated based on engineering judgement.
Variations in IHTC over the surface of the casting are generally not accounted for, except by rough
estimates. In the case of squeeze casting, metal-mold heat transfer, as for example, indicated by
solidification time, applied pressure and casting section thicknesses, are very sensitive to the
interfacial heat transfer coefficient. A quantitative basis for establishing IHTC’s is needed by the
industry.

The IHTC essentially quantifies the resistance of heat flow from the casting to the mold. In reality,
the surface of the casting and the mold are not perfectly flat. As the contact pressure at the
metal/mold interface becomes reasonable high, most of the energy transfer via a limited number
of actual contact spots. The heat flow transferring from the casting to the mold can be characterized
by a macroscopic average metal/mold interfacial heat transfer coefficient (IHTC_h) according to
the following Equation 2-1:

ℎ=

𝑞
𝑇𝑐𝑠 −𝑇𝑑𝑠

where,
ℎ: the interfacial heat transfer coefficient;
q: the average heat flux at the metal/mold interface;
Tcs: the casting surface temperature, and
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(2-1)

Tds: the die surface temperature, respectively.

From Equation 2-1, the higher the value of ℎ, the more heat transfer from the casting to the mold
and the greater the heat flux from the casting to its surroundings. The quantification of heat flux
in terms of a heat transfer coefficient requires that the heat capacity is zero so that the thermal
diffusivity is infinite, and consequently heat fluxes entering and leaving the interface are equal.
The heat transfer coefficient shows a high value in the initial stage of solidification, the result of
the good surface conformity between the liquid core and the solidified shell. As solidification
progresses, the mould expands due to the absorption of heat and the solid metal shrinks during
cooling. As a result, a gap develops because pressure becomes insufficient to maintain a
conforming contact at the interface. Once the air gaps forms, the heat transfer across the interface
decreases rapidly and a relatively constant value of ℎ is attained. During the subsequent stage of
solidification, a slight drop in the interfacial heat transfer coefficient with time can be observed.
This might be caused by the growth of oxide films on chill and mould surfaces, and by a reduction
in the thermal conductivity of the interfacial gas with declining temperature [23].

4.1 Analytical interfacial heat transfer

Extensive effort has been made for several decades to precisely determine the interfacial heat
fluxes and heat transfer coefficients at the metal/mold interface. Among the mathematical methods
described in the literature, there are three main groups, which are purely analytical, empirical, and
numerical methods based on the methods of finite difference or finite element.
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1) Purely analytical techniques, the assumption of a constant interfacial heat transfer coefficient is
made in order to obtain an analytical solution for the Fourier heat conduction equation [24-25].

2) Empirical methods, do not require the rigorous solution of the Fourier equation, but they involve
analyzing experimental data by means of semi-analytical formula [26].

3) Numerical techniques, (methods for solving the inverse heat conduction problem), are applied
to determine the exact values of the time dependent interfacial heat fluxes, and the instantaneous
heat transfer resistances at the metal/mold interface [29].

Garcia et al. [26, 27] developed a mathematical heat transfer model by considering the
solidification of metal under the superimposed effects of thermal conduction and Newtonian
thermal contact. They assumed that the thermal properties of metal and mold are invariant during
solidification including the heat transfer coefficient. Lead and aluminum alloys were used as cast
metals and the Virtual Adjunct Method (VAM) was developed to predict the temperature profiles
within the metal and cooling mold.

Lipton et al. [28] extended this concept to describe temperature distributions and the position of
the solidus and liquidus isotherms. An Al - 4.5% Cu melt was solidified in a water-cooled mold.
They showed that the solidus and liquidus isotherm positions could be described by a quadratic
polynomial function of temperature distribution in the solid, mushy zone, and liquid, by error
functions.
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Based on work with Al-Cu alloys and permanent copper molds, Prates and Biloni [29] evaluated
the value of heat transfer coefficients as a function of the surface density of predendritic nuclei
and heat extraction capacity. They also proposed a nucleation mechanism to explain the initial
formation of a metal-mold interface with solid-solid contact. The postulation was based on the fact
that, on a microscopic scale, the chill surface was not completely smooth and consisted of small
asperities protruding from the surface profile. Their results showed that for a critical value of heat
transfer coefficient larger than 2.5 kW/m2 K, the multiplication mechanism was not effective in
the formation of the chill zone even in the presence of highly turbulent flow. A multiplication
mechanism corresponds to the separation of crystals from the dendrites growing in a thermal or
constitutionally super cooled liquid. For a coefficient lower than this, the laminar turbulent
transition of fluid flow greatly improved the effectiveness of the multiplication mechanism.

4.2 Numerical analysis of interfacial heat transfer

As solidification continues, the metal and mold either stay in contact at isolated asperities on the
microscopically rough surfaces, or an interfacial gap separating the meta1 and mold gradually
develop. One of the first significant works on this interfacial heat transfer mechanism for metalmold systems was carried out by Beck et al [30] and Ho and Pehlke [31-33]. They determined the
IHTC value via the two independent methods:

1) A computer solution of the inverse heat conduction problem (IHCP) using thermocouple
measurement at selected locations in the casting and mold.
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2) Measurements of the variation of interfacial gap size with time and deriving the IHTC values
from heat transfer data across a static gap.

For both types, a rapid drop of interfacial heat transfer coefficient occurred during the initial stages
of solidification due to changes in interfacial conformity. In the case of an interfacial gap, the heat
transfer coefficient was affected by the magnitude of interfacial separation. On the other hand,
provided that interfacial contact pressure remains relatively constant, the final thermal
conductance for the case of a contacting metal-chill interface was principally a function of the
mechanical finish of the mold as well as the material properties with respect to oxide formation
and wetting.

Similar experiments were carried out by Nishida et al. [34] for cylindrical and flat castings of pure
aluminum and Al-13.2%Cu alloy. The mold shape was found to affect the heat transfer coefficient
and the formation of the air gap was detected by monitoring mold and casting movements during
the solidification. In the case of cylindrical molds, the mold moves outwards away from the casting,
while in rectangular molds, the mold surface moves first inwards towards the casting, then
outwards. It was also found that for the weakly constrained rectangular mold, the inward
movement is even larger than for a strictly constrained one.

4.3 Interfacial heat transfer from various casting experiments

Taha et al. [35] studied the solidification of Al-4.5%Cu cylindrical castings with 12.5 mm diameter
and length 95 or 230 mm in a vertical end-chill apparatus. IHTC values were assumed as a function
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of time and repeated computations were performed for varying IHTC values until experimental
cooling curves matched those were computed. Then, the air gap and IHTC were computed using
a numerical model which took into consideration metal and mould shrinkage and expansion, gas
film formation, and metallostatic pressure.

Cho and Hong [36, 37] studied the IHTC for a squeeze casting process using Al- 4.5%Cu alloy,
and reported IHTC values of about 1000 W/m2K prior to pressurization which rapidly increased
to around 4700 W/m2k at a pressure of 50 MPa for a cylindrical casting in a steel mould.

Michel et al. [38] investigated the IHTC for Al-Si alloys in steel mould with and without coatings.
They found that no coating or thin graphite coating resulted in the highest maximum IHTC. For
pure aluminum, a 100µm vermiculite coating yielded higher IHTC values than a 300µm coating.
They also found that the mould initial temperature had a greater impact on the IHTC than the
coating.

Carroll et al. [39] examined the effect of interfacial contact pressure on the IHTC for aluminum
alloy casting against steel moulds. The average IHTC increased as the pressure was increased. The
IHTC versus temperature curves were divided into three zones. The first zone saw a steady
decrease in IHTC due to decreasing interfacial heat flux, and the IHTC increased in the second
zone, which had 35% to 60% solid fraction. After casting surface reached 60% solid, the interface
started to transform from a condition of high conformity to low conformity. In low pressure
experiments, the IHTC dropped rapidly with temperature in the third zone while an approximate
plateau was reached for the high pressure experiment.
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Kim et al. [40] conducted experiments of pure aluminum cast into a cylindrical copper mould to
determine the effects of coating and superheat on the IHTC. While the cast alloy was liquid, the
IHTC was influenced by mould surface roughness, the wettability of the alloy on the mould, and
the physical properties of the coating layer. Due to the abrupt surface deformation of the casting,
an IHTC drop was observed at the onset of solidification. The air gap and the direct contact
between the casting and mould affected IHTC values. They claimed that when the cast metal was
in the solid phase, the IHTC was not affected by the type or thickness of the mould coating, and
only depended on the thermal conductivity and thickness of the air gap.

Long et al. [41] compared HTCs of AlSi9Cu3Fe alloy simulated by MAGMAsoft and the
instrumentation through two HPDC production dies. The author found that there was a good fit
among the results from the simulation and two instrumentations when peak HTC was 42,000 W/m2
K.

The accuracy of a solidification simulation depends on the exactness of the heat transfer modeling.
Modeling of the heat transfer at the metal/mold interface of a casting is very challenging due to a
number of factors. One of the greatest modeling challenges is to properly handle air gap formation.
Besides the different casting techniques, casting process parameters, and casting geometry shapes,
some additional influencing factors also need to be considered to determine IHTC precisely. These
factors include:

 The pressure at the interface (the applied pressure during squeeze casting, the orientation
of the casting with respect to gravity casting);
 Alloy characteristics (superheat, composition, mushy zone, liquid surface tension);
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 Mold processing conditions (mold materials, roughness of contacting surface, coating type
and thickness, preheat temperatures).

Since many factors play a role on the heat transfer between the surface of the solidifying casting
and the mold, determining accurate IHTC is very specific to a given casting shape and process.
Most of the studies have been performed using cylindrical or plate castings, of which IHTC results
cannot be easily applied to complex casting geometries. Griffiths [42] pointed out that small errors
in experimental measurements of temperatures in a casting or mold could result in very large
differences in IHTC calculation. Therefore, it is essential to explore an effective method to reduce
the experimental measurement errors and consequently increase the exactness of IHTCs.

5. MATHEMATICAL MODELLING
5.1 Direct Problem

𝜕𝑇(0,𝑡)
𝜕𝑡

=0

𝑘

x=0

L

x=L

Figure 2-2: One dimensional wall with boundary conditions [43].
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𝜕𝑇(𝐿,𝑡)
𝜕𝑡

= 𝑞(𝑡)

Direct heat conduction problems are the determination of temperature distribution inside a heat
conducting body by applying the specified boundary conditions. For a one-dimensional heat
conduction problem through a uniform wall, as show in Figure 2-2. On the left hand side, x = 0,
the surface is insulated, on the right hand side, x = L, is subjected to heat flux q (L, t). This problem
can be described by the following equations:
𝜕𝑇(𝑥,𝑡)
𝜕𝑡

=𝛼

under 0 < x < L, t > 0

(2-2a)

=0

under x = 0, t > 0

(2-2b)

= 𝑞(𝑡)

under x = L, t > 0

(2-2c)

under 0 < x < L, t = 0

(2-2d)

𝜕𝑇(0,𝑡)
𝜕𝑡

𝑘

𝜕𝑇(𝐿,𝑡)
𝜕𝑡

𝜕2 𝑇(𝑥,𝑡)
𝜕𝑥 2

T (x, 0) = T0(x)

where
: thermal diffusivity; T: temperature; x: space coordinate; k: thermal conductivity
L: wall thickness; q: heat flux
For the scenario where the boundary condition at x = L, the initial condition T0(x), and the thermosphysical properties α, and k are all specified, the problem given by equations 2-2 is concerned with
the determination of the temperature distribution T(x, t) in the interior region of the solid as a
function of time and location.

5.2 Inverse Method

Inverse method is pertaining to the estimation of boundary conditions from the knowledge of
thermal history in the interior region of the solid. In many engineering problems, a precise
determination of the thermal boundary condition may not be feasible [43, 45]. For instance, the
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application of a sensor unit may alter the thermal condition in the boundary region which could
affect the actual values of the temperature measurements.

Since the temperature at interface is difficult or important to be directly measured, the inverse
method in heat conduction is popular in the field of materials processing. By applying the inverse
methods, thermal properties of materials or heat transfer at the surface of a body could be found.
In the case of metal castings, the inverse method of heat conduction is useful in the determination
of heat flux or interfacial heat transfer coefficient at the metal/mold interface. To characterize
interfacial heat transfer with the inverse method, the temperature history at one or more points
within the domain body needs to be supplied [46].

The inverse method is involved in the determination of the unknown function q (t) at the surface
x = L. To determine the heat flux q (t), the measured temperatures are given at an interior point,
xm at different times ti (i = 1, 2… I), over a specified time interval 0 < t < tf. The mathematical
formulation of the inverse problem could be expressed as below:
𝜕𝑇(𝑥,𝑡)

=𝛼

under 0 < x < L, 0 < t < tf

(2-3a)

=0

under x = 0, 0 < t < tf

(2-3b)

= 𝑞(𝑡) = unknown

under x = L, 0 < t < tf

(2-3c)

T (x, 0) = T0(x)

under 0 < x < L, t = 0

(2-2d)

𝜕𝑡

𝜕𝑇(0,𝑡)
𝜕𝑡

𝑘

𝜕𝑇(𝐿,𝑡)
𝜕𝑡

𝜕2 𝑇(𝑥,𝑡)
𝜕𝑥 2

where
α: thermal diffusivity; T: temperature; x: space coordinate; k: thermal conductivity
L: wall thickness; q: heat flux
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The boundary surface function heat flux is unknown. Thus, this version of the problem is referred
to as a boundary inverse heat conduction problem. The main objective of the direct problem is to
construct the temperature field in the wall (Figure 2-2), when all parameters are specified, i.e. α,
k, q, and T0. On the other hand, the objective of the inverse problem is to estimate heat flux from
the measured temperature at some specified section of the medium (xm = 0).

Inverse analysis is extensively used in materials modeling. However, the inverse heat conduction
analysis is an ill-posed problem since it does not satisfy the general requirement of existence,
uniqueness, and stability under small changes to the input data. Furthermore, the output of an
inverse solution to a heat conduction problem is very sensitive to measurement errors. To
overcome such difficulties, many techniques for solving inverse heat conduction problems have
been proposed [44]. In this work, Beck’s nonlinear estimation technique [47, 48] was applied.

6. SUMMARY

Squeeze casting is a promising casting technique for manufacturing light alloys in the industry.
More fundamental research is needed for a scientific understanding of the heat transfer at the
metal/mold interface. As stated in the above sections, there are many published information on the
study of the interfacial heat transfer coefficients between cast metal and the mold by using squeeze
casting process, however there are few or no published work yet on casting complex shape with
the variation in section thicknesses and applied pressures. Also, most studies are studied on the
conventional Al and Mg cast alloys. There is limited work on squeeze casting of wrought
magnesium alloys.
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CHAPTER 3
HEAT TRANSFER DURING SQUEEZE CASTING OF
ALUMINUM ALLOY A380

1. INTRODUCTION
Aluminium-silicon alloys are extensively utilised in the automotive and aerospace industries due
to their high strength to weight ratio, anti-corrosion property, and moderate fatigue strength [1–7].
As one of the commercial hypoeutectic Al-Si alloys with moderate mechanical properties and
reasonable cost, cast alloy A380 is widely used for automotive products which are manufactured
through high-pressure die casting (HPDC) processes. But, there is a relatively large amount of gas
porosity in the HPDC components, which detrimentally affects mechanical properties such as yield
strengths and elongations. The gas entrapment due to the high-speed injection of turbulent molten
metal into the die cavity during casting reduces the mechanical properties of HPDC castings with
thick cross-sections, and becomes significantly harmful to their engineering performance [2, 5].
The precise and quantitative determination of heat transfer phenomena governs the accuracy of a
casting simulation. But, modelling of the heat transfer at the metal/mould interface of a casting is
a very challenging mission as complex transport phenomena take place in casting cavities.
Hamasaiid et al. [8] determined the peak values of interfacial heat transfer coefficients (IHTC) in
permanent mould casting of aluminium alloys Al–9Si–3Cu (A380) and Al–7Si–0.3 Mg (A356)
are 3000 W/m2 K and 4000 W/m2 K, respectively. Guo et al. [9] measured the IHTC of a step-

35

shape high pressure die casting in magnesium alloy AM50 and aluminium alloy ADC12. Their
IHTC values increased during the initial stage, followed by a fluctuation period of the peak values,
then dropped rapidly to a low level. Within the peak value fluctuation period, the maximum IHTC
values are 12,900 W/m2 K for AM50 and 20,760 W/m2 K for ADC12, respectively. In thinner
steps, a faster shot velocity led to a higher IHTC peak value. The higher initial die temperatures,
the lower the IHTC peak values for the thick sections.

Compared to the HPDC and other casting processes, squeeze casting also named as liquid metal
forging, pressure crystallization, extrusion casting, and squeeze forming is promising process in
which liquid alloy is filled into mould cavity without turbulent phenomenon to prevent from
porosity shrinkage. High-quality casting can be attainable showing fine microstructure to result in
improved mechanical properties. Most research works related to squeeze casting process show fine
alloy microstructure and excellent mechanical properties [2, 10]. Aweda and Adeyemi [11, 12]
performed the experiments on a cylindrical shape squeeze casting of commercially pure aluminium.
With the measured temperatures inside a steel die, the die surface temperature was deducted by
extrapolating to die–metal interface by the polynomial curve fitting technique. The IHTC obtained
by extrapolating method without the application of pressure application was 2927.92 W/m2 K,
which agreed with 2956.73 W/m2 K obtained from numerical inverse method. The peak value of
heat transfer coefficient of 3397.29 W/m2 K with an applied pressure of 85.86 MPa as compared
to 3351.08 W/m2 K obtained through the experimental procedure. Sun et al. [13] showed that,
during squeeze casting of Al A443 alloy, the IHTCs initially reached a maximum peak value
followed by a gradual decline to a lower level. With the applied pressure of 60 MPa, the peak
IHTC values of aluminium alloy A443 from 5629 W/m2 K to 9419 W/m2 K as the casting thickness

36

changed from 3 to 20 mm. However, studies on heat transfer phenomenon taking place during
pressurised solidification in squeeze casting of the hypoeutectic A380 alloy with various section
thicknesses are comparatively limited.

In this study, a squeeze casting with five different step thicknesses was fabricated under an applied
pressure of 90 MPa. The cross-section thicknesses of the five steps were 2, 4, 8, 12, and 20 mm,
respectively. For numerical determination of casting thickness dependant IHTCs, the casting
surface temperature at each step and the temperatures at three various depths of 2, 4, and 8 mm
underneath the die surface of each step were recorded. The inverse method was employed in
determining the heat fluxes and IHTCs at the metal and die interface when heat conduction
occurred during the pressurised solidification of aluminium alloy A380.

2. Experimental Procedure
2.1 Material and Design of a Step Casting
2.1.1 Material

The material used in this study was commercially available casting aluminium alloy A380, of
which chemical composition and thermophysical properties are shown in Tables 1 and 2.

Table 3-1. Chemical composition of cast aluminum alloy A380 (wt. %)
Si
8.5

Cu
3.5

Fe
1.3

Mn
0.50

Mg
0.10

Ni
0.50
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Zn
3.0

Sn
0.35

Others
0.50

Al
Bal.

Table 3 - 2. Thermophysical property of cast aluminum alloy A380 and die steel P20 [2, 14]

Alloy

Density ρ
(kg/ m3)

Heat
Capacity Cp
(J/kg K)

Thermal
Conductivity
k
(W/m K)

Solidus
Temperature
Ts (°C)

Liquidus
Temperature
Tl (°C)

A380

2710

963

109

538

593

P20

7810

460
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2.1.2 A step casting model
Figure 3 - 1 illustrates the 3-D model of a 5-step casting, which consists of 5 steps (from top to
bottom designated as steps 1 to 5) with dimensions of 100x30x2 mm, 100x30x4 mm, 100x30x8
mm, 100x30x12 mm, 100x30x20 mm accordingly. On top of step one, one extra step was designed
as an overflow to entrap impurities in the upfront stream of the liquid melt during cavity filling.
The vent was located on the top of the overflow, which could discharge the air inside the die during
squeeze casting. The molten metal filled the cavity from the bottom cylindrical shape sleeve with
diameter 100 mm.

Figure 3 - 1. The 3-D model of 5-step casting with the round-shape gating system and a top
overflow. (a) front view, (b) side view and (c) isometric view.
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2.2 Squeeze Casting
The integrated casting system consisted of a 75 ton laboratory hydraulic press, an upper die split
in two halves forming a 5-step cavity, one cylindrical sleeve lower die, an electric resistance
furnace and a data acquisition system (Figure 3 - 2). Both the upper and lower dies were made of
P20 tool steel, of which thermophysical properties are given in Table 2. During casting, the alloy
was firstly melt in an electric resistance furnace with the protection of nitrogen gas. The holding
temperature of the furnace was 800°C. As shown in Figure 2, the upper die opened along the centre,
which could form the designed five step casting. The lower die had a diameter of 100mm and a
height of 200 mm. Both of the upper and lower dies were preheated by cartridge heaters. The upper
die had a preheating temperature of 225°C, while the lower die was preheated to 350°C. The liquid
metal was poured into the lower mould at 700°C. The liquid metal was squeeze casted in the upper
die under an applied pressure of 90 MPa and kept holding at that pressure for 30 s.

Figure 3 - 2. Graphical installations of the upper and lower dies and the temperature sensor units
(TSUs) connected to a data acquisition system.

2.3 Temperature Measurements
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To measure the temperatures at the casting-die interface accurately and effectively, a special
temperature sensor unit (TSU) was employed (Figure 3 - 3).

Figure 3 - 3. Thermocouple layout in a TSU pin for measuring casting surface and inside die
temperatures. All dimensions are in millimetres.

It hosted four (4) thermocouples simultaneously to ensure accurate placement of thermocouples in
desired locations of each step. The TSU was manufactured using the same material P20 as the die
to ensure that the heat transfer process would not be distorted. K-type thermocouples installed in
the TSU with 1.5 mm in diameter were used to determine the solidifying temperatures of the cast
molten metal and the heating temperatures of the P20 steel die at the various positions. On the
right side of the die, there were five TSU pins, each of which was installed in five holes of the
upper die for the five steps with the wall thicknesses of 2, 4, 8, 12, and 20 mm. There were four
thermocouples located at each step. In total, 20 thermocouples were employed to collect the
temperature data from all the five steps. At each step, three thermocouples (A, B and C) were 2, 4
and 8 mm away from the inside die surface to measure the inner die temperatures, as shown in
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Figure 3. One thermocouple D was inserted all the way through the TSU pin, which was used to
measure the casting surface temperature. The head of thermocouple D was bent down to 90 degree
to ensure a tight attachment to the die surface. The designed installation method minimised the
disturbance of the temperature field in the step casting cavity. Real-time in-cavity temperature
readings were recorded by a LabVIEW-based data acquisition system at regular intervals of 500
ms through the entire measurement period.

2.4 Inverse Algorithm
One-dimensional transient conduction was assumed for heat transfer occurring at each step inside
the die cavity, because the thickness of the steps was much smaller than their width or length.
With the assumption of a one-dimensional heat transfer problem, the metal/die heat transfer
coefficient is determined by solving Fourier's heat conduction equation as follows:

 c(T )

T ( x, t )  
T ( x, t ) 
  k (T )

t
x 
x 

(1)

where die density is ρ, temperature is T, time is t, and the distance from the die surface to the
sensor node is x, and specific heat capacity c(T) and thermal conductivity k(T) of the die changed
with temperature.
For the surface sensor node of the die, Equation (1) can be shown as Equation (2a).

(1  2 F0 )T0p 1  2 F0T1 p 1  2 F0

x
q0  T0p
k

(2a)

For interior sensor nodes of the die, Equation (1) can be expressed as Equation (2b).

(1  2F0 )Tnp 1  F0 (Tnp11  Tnp11 )  Tnp
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(2b)

F0 

 t
(x)

2



k t
c (x)2

(2c)

where Fourier number is F0, thermal diffusivity is α, heat capacity of the die is c, time step is p and
grid point is n. The procedure to calculate IHTC at the interface of molten alloy and die was shown
in Figure 3 - 4.

Initial heat flux (q0)
pmax ≤ p

Yes
Derive IHTC

Last time step?
qp = qp+1 = ··· = qp+j-1

Assumed heat
flux (constant)
Estimate nodes
𝑝+𝑗−1
temperature (T𝑖
)
Next time step (p = p +1)

New heat flux

Calculate sensitivity
coefficient (ϕ𝑝+𝑗−1 )
𝑝

Correct assumed heat flux (q𝑐𝑜𝑟𝑟 )

No

𝑝

△q𝑛+1
𝑝
q𝑛+1

Yes
≤ ε ≤ 0.0001

Figure 3 - 4. Flow chart of the inverse algorithm for IHTC estimation at the metal/die interface.

As shown in Figure 3 - 4, the heat flux q0 at the metal/die interface for each time step was calculated
as following procedure: (1) for the first time step, a suitable initial value of heat flux q0 was
assumed, which was constant for a definite integer number (u = 2–5) of the subsequent future time
steps; (2) based on Equations (2a) and (2b), with initial measured die temperature (p = 0), the
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temperature distribution at each node of the next time step was calculated with the q0; (3) the
assumed heat flux value is changed by a small value (ɛq0); (4) the new temperature distribution
data corresponding to (q0 + ɛq0) was determined; and (5) the sensitivity coefficient (Ø) was
calculated by Equation (3), which was the partial derivative shown in Equation (4), i.e. the Taylor’s
series approximation
𝑝+𝑗−1

∅

=

𝜕𝑇
𝜕𝑞

𝑝+𝑗−1

=

𝑇 𝑝+𝑗−1 (𝑞𝑛+1

𝑝+𝑗−1

(1+𝜀))−𝑇 𝑝+𝑗−1 (𝑞𝑛+1

)

𝑝+𝑗−1

𝜀𝑞𝑛+1

(3)

Where the numerator is difference of calculated temperature using finite-difference method at
monitored node in the same time step for temperature (△t), choosing the boundary condition q and
q + ɛ. The denominator is the difference in the q values and ɛ = 0.0001.
𝑝+𝑗
𝑇𝑛+𝑖

≈

𝑝+𝑗−1
𝑇𝑛+𝑖

+

𝑝+𝑗−1

𝜕𝑇𝑛+𝑖

𝑝+𝑗
𝜕𝑞𝑛+1

𝑝+𝑗

𝑝+𝑗−1

(𝑞𝑛+1 − 𝑞𝑛+1 )

(4)

Equation (4) was derived by using Equation (5) with respect to q by setting the partial derivative
to zero. Then Equation (6) was listed.
2
𝑆(𝑞) = (∑𝐼=𝑚𝑟
𝑖=1 (𝑇𝑛+𝑖 − 𝑌𝑛+𝑖 ) )
𝜕𝑆(𝑞)
𝜕𝑞

=

𝜕
𝜕𝑞

𝑚=

∆𝜃
∆𝑡

2
(∑𝐼=𝑚𝑟
𝑖=1 (𝑇𝑛+𝑖 − 𝑌𝑛+𝑖 ) ) = 0

(5)

(6)

Substituting Equation (3) and (4) in Eq. (6), the following equation is shown as:
𝜕
𝜕𝑞

𝑝+𝑗−1

(∑𝐼=𝑚𝑟
𝑖=1 ( 𝑇𝑛+1

𝑝+𝑗−1

+ ∅𝑖

𝑝+𝑗

𝑝+𝑗−1

(𝑞𝑀+1 − 𝑞𝑀+1 ) − 𝑌𝑛+𝑖 )2 ) = 0

𝑝+𝑗−1
𝑝+𝑗−1
𝑝+𝑗−1
𝑝+𝑗
∑𝐼=𝑚𝑟
( 𝑇𝑛+1 − 𝑌𝑛+𝑖 + ∅𝑖
(∇𝑞𝑛+1 )) = 0
𝑖+1 ∅𝑖

(7)

Reorganizing Equation (7), correction term of heat flux was calculated, illustrated by Equation (8)
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𝑝
Δ𝑞𝑛+1

=

𝑝+𝑗−1 𝑝+𝑗−1
∑𝐼𝑖=1(𝑌𝑛+𝑖 −𝑇𝑛+1
)∅𝑖
𝑝+𝑗−1 2
∑𝐼=𝑚𝑟
)
𝑖+1 (∅𝑖

𝑝

𝑝

𝑝

𝑞𝑐𝑜𝑟𝑟 = 𝑞𝑛+1 + ∆𝑞𝑛+1

(8)

(9)

The corrected heat flux and the new temperature distribution were used as another initial value for
next cycle of calculation. The calculation process was repeated until the following condition was
satisfied.
𝑝

∆𝑞𝑛+1
𝑝

𝑞𝑛+1

≤𝜀

(10)

Thus, for all the time steps, the surface heat flux and die surface temperature were determined
according to the above procedures. After the heat flux was computed, the heat transfer coefficient
h was determined by the following equation:

ℎ=

𝑞
𝑇𝑐𝑠 −𝑇𝑑𝑠

(12)

where h is IHTC; q is average heat flux at the metal-die interface; Tcs and Tds are the casting
surface temperature and die surface temperature, respectively.

3. RESULTS AND DISCUSSIONS
Figure 3 - 5 presents the typical temperatures variation with time at step 3 under an applied pressure
of 90 MPa, which include temperatures at casting surface, die surface, and three depths of 2, 4,
and 8 mm away from the die surface inside the TSU. It can be seen from Figure 3 - 5 that the
casting surface temperature at step 3 rose rapidly, and reached its peak within one second, once
the molten alloy was pushed into the cavity and attached thermocouple D. Due to the configuration
of the two-half upper die and one lower die, and the introduction of molten alloy into the cavity
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from the bottom of the lower die into the upper one, the pre-solidification of the poured liquid
alloy took place during cavity filling. The highest temperature measured at the casting surface
was only 555.8 °C, which was lower than the liquidus temperature of 593 °C.
600
550

Temperature (°C)

Temperature_casting-surface
500
Temperature_die-Surface
450

T1-2mm
T2-4mm

400

T4-8mm

350
300
250
200
0

10

20

30

40

50

Time (second)
Figure 3 - 5. Typical temperature versus time curves (step 3, 90 MPa) at metal surface, die surface,
and three depths of 2, 4, and 8 mm inside the TSU.

Meanwhile, the increase in temperatures inside the die at the depths of 2, 4, 8 mm was relatively
slow from the lower die preheating temperature of 225 °C. Also, the temperature rise at the 8 mm
depth occurred at a time later than that at the 2 mm. This was because it took time for heat to be
conducted from the die surface to its interior due to its low thermal conductivity of the P20 die
steel. The die surface temperature was calculated based on the temperature measured at the
different depths (2, 4 and 8 mm) from the die surface inside of the P20 steel TSU as shown in
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Figure 3. As illustrated in Figure 3 - 6, the heat flux and IHTC values was calculated using the
inverse method according to the estimated die surface temperature and the measured casting
surface temperature. At step 3, the peak value of heat flux was 4.51E+05 W/m2, and the equivalent
IHTC peak value was 7909 W/m2 K.
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0

0
0

10

20

30

40
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Time (second)
Figure 3 - 6. The interfacial heat flux (q) and the heat-transfer coefficient (IHTC) curves calculated
by the inverse method (step 3, 90 MPa).
Figure 3 - 7 shows the IHTC curves of all five steps which were estimated by the inverse method.
From the profiles of the five curves, the IHTCs started with a relatively rapid increasing stage.
After their peaks were reached, the IHTCs decreased gradually until they arrived at their lower
levels. From steps 1 – 5, the peak IHTC values varied from 4824, 5932, 7909, 10,575 to 14,531
W/m2 K. The observation on the IHTC variation with time indicated that firm contacts were
established at the metal/die interface as the section became thick. Therefore, the section thickness
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of the step influenced IHTC peak values significantly. The peak IHTC value reduced as the
thicknesses of the steps decreased.
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30

40

50
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Figure 3 - 7. Interfacial heat transfer coefficient (IHTC) versus time curves for all the five steps
(2, 4, 8, 12 and 20 mm) under an applied pressure of 90MPa.

Figure 3 - 8 illustrates the relationship between the peak IHTC values and the time lapses to reach
IHTC peaks for all the five steps. For the step 1, 2, 3, 4, and 5, it took 7.8, 10.5, 13.9, 15.4, and
17.6 s to reach their peak values, respectively. In addition to the differences in the IHTC peak
values between steps, the time for the IHTC to attain the peak value during the preliminary stage
increased as the step became thicker. The thick steps required longer times to reach its peak IHTC
values, although their IHTC curves decreased relatively fast to their low levels. As illustrated in
Figure 3 - 7, the peak IHTC arose more than three times from 4,824 to 14,531 W/m2 K and the
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time to attain the peak IHTC increased over two times from 7.8 to 17. 6 sec as the section thickness
changed from 2 to 20 mm.
30
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Figure 3 - 8. Variation of interfacial heat transfer coefficient (IHTC) peak values and time lapse
to reach IHTC peaks with the different cross section thicknesses of the five step casting.

The IHTC curve variances with times for all the five steps as shown in Figure 3 - 7 suggested that
the section thickness could significantly influence the IHTC values at each individual time instant.
To acquire the relationship between the casting section thickness and IHTCs at a fixed time, the
IHTC values, at the twelfth (12th), twenty-forth (24th), and thirty-sixth (36th) seconds after the
die cavity was filled by the molten alloy, were selected for a regression analysis. The time
selection was taken into consideration the presence of the IHTC peak values for most of the steps
near the chosen three instants. Table 3 - 3 shows analysis results by using different math functions
including linear, logarithmic, exponential, polynomial and power equations. As can be seen, the
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polynomial function gave a correlation coefficient of 0.9751, 0.9791 and 0.9790 for the 12th, 24th
and 36th, respectively, which were the highest one among all the tested math functions. Hence,
the extracted data from Figure 3 - 7, drawn in the form of the IHTC data vs. the section thicknesses,
were fitted to a polynomial function, and displayed in Figure 3 - 9 for the selected three instants.
As a result, the regression analysis gave the following the empirical equations relating the IHTC
values to the section thickness for the three instants:
h = -14.978x2 + 830.87x + 2905.6
h = -22.446x2 + 1050.3x + 1189.9
h = -21.814x2 + 934.33x + 702.52

for 12th sec
for 24th sec
for 36th sec

(12)
(13)
(14)

where h is the interfacial heat transfer coefficient and x is the section thickness of the step.

4. CONCLUSIONS
A five-step casting of aluminium alloy A380 with the section thicknesses of 2, 4, 8, 12, and 20
mm was successfully squeeze cast under an applied pressure of 90 MPa. The heat fluxes and
IHTCs were calculated by the inverse method.
Based on the experimental measurements and calculated results, the following conclusions were
drawn:
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Table 3 - 3. Regression analysis of IHTC values versus section thicknesses for squeeze
casting aluminum alloy A380 under an applied pressure of 90 MPa.
Time
(sec)

12th

24th

36th

Correlation coefficient

Math functions

Empirical equations

Linear

h = 492.59x + 4133

0.9494

Logarithmic

h = 3871.5ln(x) + 1145.1

0.9282

Exponential

h = 4760.6e0.0573x

0.8917

Polynomial

h = -14.978x2 + 830.87x + 2905.6

0.9751

Power

h = 3206.8x0.4755

0.9716

Linear

h = 543.34x + 3029.4

0.9324

Logarithmic

h = 4345.4ln(x) - 408.22

0.9440

Exponential

h = 3723.6e0.0714x

0.8492

Polynomial

h = -22.446x2 + 1050.3x + 1189.9

0.9791

Power

h = 2204x0.6096

0.9788

Linear

h = 441.66x + 2490.2

0.9157

Logarithmic

h = 3588.4ln(x) - 410.49

0.9567

Exponential

h = 2986.5e0.0728x

0.8182

Polynomial

h = -21.814x2 + 934.33x + 702.52

0.9812

Power

h = 1712.1x0.6328

0.9790

50

( R2 )

14000

IHTC_h (W/m2K)

12000

10000

8000

6000

IHTC at 12 sec
IHTC at 24 sec
IHTC at 36 sec
多项式 (IHTC at 12 sec)
多项式 (IHTC at 24 sec)
多项式 (IHTC at 36 sec)

4000

2000
0

2

4

6

8

10

12

14

16

18

20

22

Section thickness (mm)
Figure 3 - 9. Experimental and regression curves for interfacial heat transfer coefficients versus
section thicknesses, at the twelfth (12th), twenty-forth (24th), and thirty-sixth (36th) seconds after
the die cavity was filled by the molten alloy.

(1) For the different steps with varying thicknesses, their IHTC changes with time followed a
similar trend. The IHTCs started with a relatively rapid increasing stage. After their peaks were
reached, the IHTCs decreased gradually until they arrived at their lower levels. But, the thick steps
required longer time to attain their IHTC peak values.
(2) The peak IHTC values for the squeeze casting with the section thicknesses of 2, 4, 8, 10 and
20 mm were 4824, 5932, 7909, 10,575 to 14,531 W/m2 K, respectively, under an applied pressure
of 90 MPa. The increases in the IHTC values with the section thicknesses suggested that the solid
contact between the metal and die at the thick steps was obtained.
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(3) The casting section thicknesses influenced the IHTCs remarkably. The peak IHTC arose more
than three times from 4,824 to 14,531 W/m2 K and the time to attain the peak IHTC increased over
two times from 7.8 to 17. 6 sec as the section thickness changed from 2 to 20 mm. The relatively
large temperature differences and the firm contact between the die and casting should be primarily
responsible for the high IHTC peak values at the thick steps.
(4) The regression analysis on the IHTC values at a specific time versus the section thicknesses
demonstrated the feasibility of establishing the relation between the IHTCs and the section
thicknesses of the step squeeze casting by using an empirical equation.
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CHAPTER 4
DETERMINATION OF INTERFACIAL HEAT TRANSFER
COEFFICIENTS

FOR

SQUEEZE

CASTING

OF

MAGNESIUM ALLOY AZ91 WITH VARIOUS SECTION
THICKNESSES

1. INTRODUCTION
Magnesium and its alloys possess low melting temperature, high strength-to-weight, and good heat
transfer characteristics. They have a good ductility, excellent castability, better noise and vibration
dampening properties compared with other alloys. In addition, due to their low density which is
two-third of aluminum and one-fifth of steel, 22% to 70% weight reduction can be realized in
automotive industry to reduce CO2 emission for minimizing environmental impact [1-3].

AZ91 as one of the most common magnesium alloys is widely used for non-structural engineering
applications made by high pressure casting (HPDC) processes in the automotive, hardware and
consumer electronic industries. HPDC AZ91 components have moderate mechanical properties
due to the presence of relatively high porosity content resulting from turbulent flow during rapid
cavity filling [3, 4]. Sun et al [5] recently studied the influence of section thicknesses (2, 6, and
10 mm) on mechanical properties of HPDC AZ91 alloy. The mechanical testing evaluation
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manifested that, as the section thicknesses of HPDC AZ91 increased, their tensile properties
including yield strength (YS), ultimate tensile strength (UTS) and elongation (ef) decreased. The
porosity content caused by air entrapment and the dendritic structure formation during
solidification should be responsible for the resultant mechanical properties.

Compared to the HPDC process, it has demonstrated that squeeze casting (SC) processes, in which
laminar filling flow of melt and high applied pressures are employed during solidification, are
capable of eliminating porosity and enhancing the mechanical properties of both Mg and Al-based
alloys [4, 6, 7]. Despite the fact that superior as-cast quality and heat treatment of SC components
become achievable, the study by Zhang et al [8] implied that mechanical properties of Mg AM60
alloys with section thicknesses over 10 mm might be compromised by squeeze casting under a
relatively low pressure of 30 MPa.

To further improve the quality of squeeze casting, interfacial heat transfer coefficients (IHTC) in
the alloy-mold interface that is the key parameter of heat transfer in the casting and other process
parameter optimization are necessary to be precisely studied. As accurate simulation of
solidification processes depends on precise modeling for heat transfer property, computer
modeling of IHTCs is a crucial and challenging task in which the effect of air gap, casting shape,
alloy specifications, coating thickness, pouring temperature, applied hydraulic pressures, mold
geometries, and die preheat temperatures needs to be taken into consideration. These factors
impact transport phenomena of heat transfer and solidification taking place during squeeze casting,
and consequently microstructure, engineering performance and overall quality of cast components.
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In the past, extensive work on determination of IHTCs for aluminum alloys has been conducted.
Browne and O’Mahoney [9] examined the IHTCs during investment casting of aluminum alloys
413, A356 and 319. It was shown that, for long freezing range alloys (A 356 and 319), the high
metal static head , and the high preheated mold temperature increased IHTCs with a maximum
value about 1000 W/m2 K. Ferreira et al. [10] investigated the IHTC values for Al-Cu alloys
directionally solidifying in a water-cooled stainless steel mold. The coating of a 100 µm alumina
ceramic coating reduced the IHTCs of the Al-Cu alloys from 11300 to 2100 W/m2 K. Dargusch et
al. [11] determined a maximum IHTC value of 8500 W/m2 K by measuring the mold surface
temperature of magnesium alloy AZ91 during the HPDC process. Chattopadhyay [12] simulated
the transport process during squeeze casting of A356 alloy. The solidification time of the squeeze
process was numerically found to change inversely with ITHC. Beyond an IHTC range of 20,000
– 40,000 W/m2 K in simulation, increasing heat transfer has little effect in reducing solidification.
Also, in squeeze casting processes, a pressure around 60–100 MPa should be considered to be
optimal, beyond which little improvement was observed in terms of cycle times and casting quality.
Guo et al. [13] measured the IHTCs of aluminium alloy ADC12 and magnesium alloy AM50
prepared by the HPDC process. The trend of two IHTCs moved upward to the maximum points of
20,760 W/m2 K for ADC 12 and 12,900 W/m2 K for AM50, respectively, and then went downward
gradually.

Zhang et al [14] found that the maximum values of the IHTCs for squeeze cast

magnesium alloy AM60 varied considerably with casting wall thicknesses from 5623 to 10649
W/m2 K. Hasan and Begum [15] used a 3-D modelling simulating semi-continuous casting of
magnesium alloy AZ91 for an industrial-sized slab. The results showed that, for an inlet superheat
of 64 °C, for the range of casting speeds varying from 40 to 100 mm/min, for the metal-mold
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contact region variation of 20 to 50 mm with the effective heat transfer coefficient (HTC) at the
metal-mold contact region ranging between 2000 W/ m2 K to 4000 W/ m2 K.

Although the IHTCs has been widely studied for light alloys, work on determining the IHTCs for
various magnesium alloys, in particular AZ91 alloy prepared by squeeze casting is very limited,
due to the complicated procedure and instability of liquid magnesium alloys under high external
pressures at high temperatures. Hence, in this study, magnesium alloy AZ91 was squeeze cast into
a five-step squeeze sample under an applied pressure of 60 MPa. The temperature sensor units
(TSU) to hold multiple thermocouples simultaneously was employed to accurately measure the
temperatures during squeeze casting of magnesium alloy AZ91. With the measured temperature
profiles, the heat fluxes and IHTCs at the interface between the casting and the mold were
calculated by a numerical algorithm based on the inversed method.

2. EXPERIMENTS
The material chosen in this study was commercially available casting magnesium alloy AZ91, of
which chemical composition and thermophysical properties are shown in Tables 4 - 1 and 4 - 2.

To investigate the effect of section thicknesses on squeeze castings, a step casting was designed.
Figure 4 - 1 illustrates the 3-D model of a 5-step casting which consisted of 5 steps (from top to
bottom designated as steps 1 to 5) with dimensions of 100x30x2 mm, 100x30x4 mm, 100x30x8
mm, 100x30x12 mm, and 100x30x20 mm. On top of step one, one extra step called overflow was
designed to entrap impurities in the upfront stream of the liquid melt during cavity filling. The vent
was located on the top of the overflow, which could contain air discharge inside the die during
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squeeze casting. The molten metal filled the cavity from the bottom cylindrical shape sleeve with
diameter 100 mm.

To measure the temperatures at the casting-die interface accurately and effectively, a special
temperature sensor unit (TSU) was employed (Figure 2). It hosted four (4) thermocouples
simultaneously to ensure accurate placement of thermocouples in desired locations of each step.
The TSU was manufactured using the same material P20 as the die to ensure that the heat transfer
process would not be distorted. K-type thermocouples installed in the TSU with 1.5 mm in
diameter were used to determine the solidifying temperatures of the cast molten metal and the
heating temperatures of the P20 steel die at the various positions. On the right side of the die, there

Table 4 - 1: Chemical composition of cast magnesium alloy AZ91 (wt. %)
Al

Mn

Zn

Si

Fe

Cu

Ni

Others

Mg

8.3 – 9.7

0.13

0.35 – 1.0

0.30

0.005

0.03

0.002

0.02

Bal.

Table 4 - 2: Thermophysical property of magnesium alloy AZ91 [15] and die steel P20
[16] at room temperature
Alloy

Density ρ
(kg/ m3)

Heat
Capacity Cp
(J/kg K)

Thermal
Conductivity
k (W/m K)

Solidus
Temperature
Ts (°C)

Liquidus
Temperature
Tl (°C)

AZ91

1810

1050

72

470

598

P20

7810

460

29
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Figure 4 – 1. A 3-D model of 5-step casting with the round-shape gating and a top overflow system.
(a) Front view, (b) side view and (c) isometric view.

Figure 4 – 2. Positions of thermocouple in a TSU pin for detecting the casting surface and the
inside die temperatures. All dimensions are in millimeters.
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Figure 4 – 3. Schematic illustration of the upper and lower dies, the temperature sensor units
(TSUs), and data acquisition system configuration

were five TSU pins, each of which was installed in five holes of the upper die for the five steps
with the wall thicknesses of 2, 4, 8, 12, and 20 mm. There were four thermocouples located at each
step. In total, 20 thermocouples were employed to collect the temperature data from all the five
steps. At each step, three thermocouples (A, B and C) were 2, 4 and 8 mm away from the inside
die surface to measure the inner die temperatures, as shown in Figure 4 - 2. One thermocouple D
was inserted all the way through the TSU pin, which was used to measure the casting surface
temperature. The head of thermocouple D was bent down to 90 degrees to ensure a tight attachment
to the die surface. The designed installation method minimised the disturbance of the temperature
field in the step casting cavity. Real-time in-cavity temperature readings were recorded by a
LabVIEW-based data acquisition system at regular intervals of 500 ms through the entire
measurement period.
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An integrated casting system employed for squeeze casting in the laboratory included a 75-ton
hydraulic press, an upper die split into two halves forming a 5-step cavity, one cylindrical sleeve
lower die, an electric resistance furnace and a data acquisition system (Figure 4 - 2). Both the upper
and lower dies were made of P20 tool steel, of which thermophysical properties at room
temperature are given in Table 2. During casting, the alloy was firstly melted in an electric
resistance furnace with the protection gas of SF6 (0.05%) + CO2 (99.5%). The holding temperature
of the furnace was 750°C. As shown in Figure 4 - 2, the upper die opened along the centre, which
could form the designed five-step casting. The lower die had a diameter of 100 mm and a height
of 200 mm. Both of the upper and lower dies were preheated by cartridge heaters. The upper die
had a preheating temperature of 220°C, while the lower die was preheated to 365°C. The liquid
metal was poured into the lower mould at 700°C. The liquid metal was squeeze casted in the upper
die under an applied pressure of 60 MPa and kept holding at that pressure for 60 s.

3. NUMERICAL FORMULATION FOR IHTC DETERMINATION
One-dimensional transient conduction was assumed for heat transfer occurring at each step inside
the die cavity because the thickness of the steps was much smaller than their width or length. Based
on the assumption of a one-dimensional heat transfer problem, the metal/mould heat transfer
coefficient was determined by solving Fourier’s heat conduction equation as follows:

c(T )

T ( x, t )  
T ( x, t ) 
 k (T )
t
x 
x 

(1)

where ρ is the die density, T is the temperature, t is the time, and x is the distance from the die
surface to the sensor node, and c(T) and k(T) are the specific heat capacity and thermal
conductivity of the die changing with temperature, respectively.
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For the surface sensor node of the die, Equation (1) can be shown as Equation (2a).
(1  2 F0 )T0P 1  2 F0T1P 1  2 F0

x
q0  T0P
k

(2a)

For interior sensor nodes of the die, Equation (1) can be expressed as Equation (2b).

(1  2F0 )TnP 1  F0 (TnP11  TnP11 )  TnP

(2b)

where F0 is a finite-difference form of the Fourier number:

F0 

t
(x)

2



k t
c (x)2

(2c)

where α is the thermal diffusivity of the die , c is the heat capacity of the die, p is the time step,
and n is the grid point.

Figure 4 - 4 illustrates the procedure to calculate IHTC at the interface of molten alloy. As shown
in Figure 4 - 4, the heat flux q0 at the metal/mold interface for each time step was calculated as
following procedure: (1) for the first time step, a suitable initial value of heat flux q0 was assumed,
which was constant for a definite integer number (u = 2–5) of the subsequent future time steps; (2)
based on Equations (2a) and (2b), with initial measured die temperature (p = 0), the temperature
distribution at each node of the next time step was calculated with the q0; (3) the assumed heat flux
value was changed by a small value (ɛq0); (4) the new temperature distribution data corresponding
to (q0 + ɛq0) was determined; and (5) the sensitivity coefficient (Ø) was calculated by Equation (3),
which was the partial derivative shown in Equation (4), i.e. the Taylor’s series approximation

 p  j 1 

T T P  j 1 (qnP1j 1 (1   ))  T P  j 1 (qnP1j 1 )

q
qnP1j 1
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(3)

where the numerator was difference of calculated temperature using finite-difference method at
monitored node in the same time step for temperature (△t), choosing the boundary condition q and
q + ɛ. The denominator was the difference in the q values and ɛ = 0.0001.
P j
n i

P  j 1
n i

T

T

TnPi j 1 P  j

(qn 1  qnP1j 1 )
P j
qn 1

(4)

Equation (4) is derived by using Equation (5) with respect to q by setting the partial derivative to
zero. Then, Equation (6) is listed below.
I  mr

S (q)  [  (Tn  i  Yn  i ) 2 ]
i 1

m


t

S (q)  I  mr
 [  (Tn  i  Yn  i ) 2 ]  0
q
q i 1

(5)

(6)

Substituting Equations (3) and (4) in Equation (6), the following equation is shown as:

 I  mr P  j 1
[  (Tn 1  iP  j 1 (qMP 1j  qMP 1j 1 )  Yn  i ) 2 ]  0
q i 1
I  mr


i 1

[TnP1 j 1  Yn  i  iP  j 1 (qnP1j )]  0

P  j 1
i
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(7)

Initial heat flux (q0)
Compute IHTC with
Eq. (11)

pmax ≤ p

Yes
Last time step?

qp = qp+1 = ··· = qp+j-1
Assumed heat
flux (constant)
Estimate nodes
𝑝+𝑗−1
temperature (𝑇𝑖
)
Next time step (p = p +1)
Calculate sensitivity
coefficient (𝜙 𝑝+𝑗−1 )

New heat flux

𝑝

Correct assumed heat flux (𝑞𝑐𝑜𝑟𝑟 )

No

𝑝

△𝑞𝑛+1
𝑝
𝑞𝑛+1

Yes
≤ ε ≤ 0.0001

Figure 4 - 4: Flow diagram showing numerical procedures for computing
IHTCs at the metal/mold interface.
Rearranging Equation (7), the correction term of heat flux was calculated, illustrated by Equation
(8)

q

P
n 1




I

i 1

(Yn  i  TnP1 j 1 )iP  j 1



I  mr

i 1

(iP  j 1 ) 2

P
qcorr
 qnP1  qnP1

(8)

(9)

The corrected heat flux and the new temperature distribution were used as another initial value for
the next cycle of calculation. The calculation process was repeated until the following condition
was satisfied.
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qnP1

qnP1

(10)

Hence, for all the time steps, the surface heat flux and die surface temperature were determined
according to the above procedures. After the heat flux was computed, the heat transfer coefficient
h was determined by the following equation:

h

q
Tcs  Tms

(11)

where h is the IHTC; q is the average heat flux at the metal-die interface; Tcs and Tms are the casting
surface temperature and mold surface temperature, respectively.

4. RESULTS AND DISCUSSIONS
Figure 4 - 5 presents the typical temperature variation with time at step 4 under an applied pressure
of 60 MPa, which include temperatures at casting surface, mould surface and three depths of 2, 4
and 8 mm away from the mould surface inside the TSU. It can be seen from Figure 5 that the
casting surface temperature at step 4 rose rapidly and reached its peak within 1.5 second, once the
molten alloy was pushed into the cavity and attached thermocouple D. Due to the configuration of
the two-half upper die and one lower die, and the introduction of molten alloy into the cavity from
the bottom of the lower die into the upper one, the pre-solidification of the poured liquid alloy took
place during cavity filling. The highest temperature measured at the casting surface was only
581.6°C, which was lower than the liquidus temperature of 598°C. Meanwhile, the increase in
temperatures inside the mould at the depths of 2, 4, and 8 mm was relatively slow from the lower
die preheating temperature of 220°C. Also, the temperature rose at the 8 mm depth occurred at a
time later than that at the 2 mm. This was because it took time for heat to be conducted from the
die surface to its interior due to its low thermal conductivity of the P20 die steel. The mould surface
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temperature was calculated based on the temperature measured at the different depths (2, 4 and 8
mm) from the die surface inside of the P20 steel TSU as shown in Figure 4 - 2. As illustrated in
Figure 4 - 6, the heat flux and IHTC values were calculated using the inverse method according to
the estimated mould surface temperature and the measured surface temperature of casting. At step
4, the peak value of heat flux was 1.4E+06 W/m2, and the equivalent IHTC peak value was 9195
W/m2 K.

Figure 4 – 5. Representative temperature versus time curves (step 4, 60 MPa) at metal surface,
mold surface, and three depths of 2, 4, and 8 mm inside the TSU.
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Figure 4 – 6. Representative interfacial heat flux (q) and the heat-transfer coefficient (IHTC)
curves calculated by the inverse method (step 4, 60 MPa).

Figure 4 - 7 shows the IHTC curves of all five steps which were estimated by the inverse method.
From the profiles of the five curves, the IHTCs started with a relatively rapid increasing stage.
After their peaks were reached, the IHTCs decreased gradually until they arrived at their lower
levels. From steps 1 – 5, the peak IHTC values varied from 4420, 5127, 6989, 9195, to 10,122
W/m2 K. The observation on the IHTC variation with time at all the five steps indicated that it
took longer time for the thick section to reach the IHTC peak values. This implied that the
establishment of firm contacts at the metal/mold interface might be postponed as the section
became thick. The section thickness of the step also influenced the IHTC peak values significantly.
The peak IHTC value reduced as the thicknesses of the steps decreased.
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Figure 4 – 7. Interfacial heat transfer coefficient (IHTC) versus time curves for all the five steps
(2, 4, 8, 12 and 20 mm) under an applied pressure of 60 MPa.

Figure 4 - 8 illustrates the relationship between the peak IHTC values and the time lapses to reach
IHTC peaks for all the five steps. For steps 1, 2, 3, 4, and 5, it took 1.5, 1.7, 2.0, 3.1, and 4.3 s to
reach their peak values, respectively. Besides the differences in the IHTC peak values between
the steps, the time for the IHTC to attain the peak value during the preliminary stage increased as
the step became thicker. The thick steps required longer times to reach its peak IHTC values,
although their IHTC curves decreased relatively fast to their low levels. The peak IHTC arose
more than 2.3 times from 4,420 to 10,122 W/m2 K and the time to attain the peak IHTC increased
almost three times from 1.5 to 4.3 sec as the section thickness changed from 2 to 20 mm.

The IHTC curve variances with times for all the five steps as shown in Figure 7 suggested that the
section thickness could greatly influence the IHTC values at each individual time instant. To obtain
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Figure 4 – 8. Variation of interfacial heat transfer coefficient (IHTC) peak values and time lapse
to reach IHTC peaks with the section thicknesses of AZ91 alloy squeeze cast under 60 MPa.

the relationship between the casting section thickness and IHTCs at a fixed time, the IHTC values,
at the fourth (4th), seventh (7th) and tenth (10th) seconds after the mould cavity was filled by the
molten alloy, were selected for a regression analysis. The time selection was taken into
consideration the presence of the IHTC peak values for most of the steps near the chosen three
instants. Table 4 - 3 shows analysis results by using different maths functions including linear,
logarithmic, exponential, polynomial and power equations.
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Table 4 – 3. Regression analysis of IHTC values versus section thicknesses for squeeze casting
magnesium alloy AZ91 under an applied pressure of 60 MPa.
Time
(sec)

4th

7th

10th

Linear

h = 415.92x + 2453.7

Correlation coefficient
( R2 )
0.9377

Logarithmic

h = 3310.6ln(x) - 102.25

0.9548

Exponential

h = 2956.4e0.0701x

0.8719

Polynomial

h = -18.51x2 + 825.75x + 1008.2

0.9906

Power

h = 1824.3x0.5849

0.9758

Linear

h = 415.56x + 993.63

0.9906

Logarithmic

h = 3157ln(x) - 1269.5

0.9188

Exponential

h = 1775.3e0.09x

0.9240

Polynomial

h = -5.6311x2 + 540.24x + 553.87

0.9958

Power

h = 990.83x0.732

0.9823

Linear

h = 339.05x + 669.3

0.9703

Logarithmic

h = 2636.1ln(x) - 1293.6

0.9427

Exponential

h = 1244.7e0.0987x

0.8796

Polynomial

h = -9.7557x2 + 555.05x - 92.56

0.9932

Power

h = 629.7x0.8243

0.9866

Math functions Empirical equations

As can be seen, the polynomial function gave the correlation coefficients of 0.9906, 0.9958 and
0.9932 for the 4th, 7th and 10th, respectively, which were the highest one among all the tested
math functions. Hence, the extracted data from Figure 4 - 7, drawn in the form of the IHTC data
vs. the section thicknesses, were fitted to a polynomial function, and displayed in Figure 4 - 9 for
the selected three instants. As a result, the regression analysis gave the following the empirical
equations relating the IHTC values to the section thickness for the three instants:
h = -18.51x2 + 825.75x + 1008.2

for 4th sec

(12.)

h = -5.6311x2 + 540.24x + 553.87

for 7th sec

(13.)
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h = -9.7557x2 + 555.05x - 92.56

for 10th sec

(14.)

where h is the interfacial heat transfer coefficient and x is the step section thickness.

Figure 4 – 9. Experimental and regression curves for interfacial heat transfer coefficients versus
section thicknesses, at the fourth (4th), seventh (7th), and tenth (10th) seconds after the mold cavity
was filled by the molten AZ91 alloy.

5. CONCLUSIONS
A five-step casting of magnesium alloy AZ91 with the section thicknesses of 2, 4, 8, 12, and 20
mm was successfully squeeze cast under an applied pressure of 60 MPa. The heat fluxes and
IHTCs were numerically calculated by the inverse method.
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Based on the experimental measurements and calculated results, the following conclusions were
drawn:
(1) For the different steps with varying thicknesses, their IHTC changes with time followed a
similar trend. The IHTCs started with a relatively rapid increasing stage. After their peaks were
reached, the IHTCs decreased gradually until they arrived at their lower levels. But, the thick steps
required a longer time to attain their IHTC peak values.
(2) The peak IHTC values for the squeeze casting with the section thicknesses of 2, 4, 8, 10 and
20 mm were 4420, 5127, 6989, 9195, to 10,122 W/m2 K, respectively, under an applied pressure
of 60 MPa. The increases in the peak IHTC values with the section thicknesses suggested that the
solid contact between the metal and mould at the thick steps was obtained.
(3) The casting section thicknesses influenced the IHTCs remarkably. The peak IHTC arose more
than two times from 4420 to 10,122 W/m2 K and the time to attain the peak IHTC increased over
two times from 1.5 to 4.3 sec as the section thickness changed from 2 to 20 mm. The relatively
large temperature differences and the firm contact between the mould and casting should be
primarily responsible for the high IHTC peak values at the thick steps.
(4) The regression analysis on the IHTC values at a specific time versus the section thicknesses
demonstrated the feasibility of establishing the relation between the IHTCs and the section
thicknesses of the step squeeze casting by using an empirical equation.
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CHAPTER 5
INFLUENCE OF APPLIED PRESSURES AND CASTING
SECTION

THICKNESSES

ON

INTERFACIAL

HEAT

TRANSFER IN SQUEEZE CASTING OF MAGNESIUM
ALLOY AZ91
1. INTRODUCTION
The microstructure development of magnesium (Mg) alloys during solidification is primarily
determined by heat transfer at the casting/mold interface, which influence their mechanical
properties. The fast heat transfer often results in high mechanical properties due to the formation
of fine microstructure. Compared to that of conventional casting processes such as sand and
permanent mold casting, heat transfer takes place at a very fast rate during high pressure die casting
(HPDC), which is the most common manufacturing process for the mass production of magnesium
automotive components. Although the HPDC produces the fine microstructure of Mg components,
the presence of porosity in the HPDC components, due to the rapid cavity filling (5 m/s) and air
entrapment, deteriorates the mechanical properties considerably [1]. As an advanced emerging
process, squeeze casting enables the cavity to be filled with laminar flow at a slow velocity less
than 0.5 m/s, and the solidification of Mg alloys to take place under a high applied pressure, which
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produces nearly porosity-free and heat treatable Mg components with enhanced mechanical
properties [2].

To develop squeeze cast Mg automotive components with complex geometries, numerical
simulation of cavity filling and solidification processes during squeeze casting needs to be
performed. As the precision of cavity filling and solidification simulation is dictated by the
exactness of modeling interfacial heat transfer coefficients (IHTCs) at the alloy casting and mold
interface, which is a tough job because of several aspects to be considered including coating
thickness, casting dimension, air gap, preheat temperature, casting feather, and mold surface
condition etc. For several casting processes, imperfect contact between mold and melting alloy
exists due to mold inner surface coating, and air gap arises owing to alloy contraction during
solidification, which generate thermal obstacles. They reduce heat transfer at the interface between
the cast alloy and mold, which greatly dictates microstructure evolution of castings.

In casting of light aluminum and magnesium alloys with comparatively low liquidus and solidus
temperatures, heat conduction via interface contact points is the main heat transferring mechanisms
rather than by radiation and convection [3, 4]. In the past, the influence of casting parameters such
as superheat, freezing range, metal head height, on IHTC were experimentally investigated.
Browne and O’Mahoney [5] inspected the influence of alloy freezing range and metal head height
during solidification of investment casting for an aluminum alloy. Ferreira et al. [6, 7] analyzed
IHTC variation caused by mold material, roughness, coatings, initial temperature distribution, melt
superheat, and alloy composition. Arunkumar et al. [8] explored 2-D heat transfer of gravity die
casting, and investigated how preliminarily varying temperature field that typically appeared after
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filling of the mold caused the distribution of heat flux, and triggered air-gap formation around the
casting-mold interface non-uniformly. Meneghini and Tomesani [9] mentioned that the uptick of
metal head height increased the IHTCs and postponed the initiation of air-gap formation during
gravity die casting for an Al alloy. Chattopadhyay [10] numerically modeled the squeeze casting
of Al alloy A356 with varying heat transfer coefficients of 20,000–40,000 W/m2 K heat transfer
coefficient under applied pressures of 25–100 MPa, respectively, and proposed that a pressure
range of 60–100 MPa was optimal for squeeze casting of the tested alloy. Aweda and Adeyemi
[11] discovered that there was 14% increase in the IHTC for pure aluminum under an applied
pressure of 86 MPa. Guo et al. [12] uncovered that heat transfer coefficient of Al alloy ADC12
with 2–14 mm section thickness firstly reached 10,000–20,000 W/m2 K as the maximum value,
followed by a swift decline to a few hundred values W/m2 K. For high pressure die casting of Mg
alloy AM50 in a H13 tool steel mold, the heat transfer coefficient peak value arrived at 12,000
W/m2 K, then reduced less than 1000 W/m2 K beyond 7 s. Dour et al. [13] measured the IHTC
values of 45,000–60,000 W/m2 K for a eutectic Al alloy (Al–12 %Si) under applied pressures of
33–90 MPa. Hamasaiid et al. [14] and Dargusch et al. [15] showed the maximum IHTC value of
90,000–112,000 W/m2 K for the HPDC Mg AZ91 alloy with the section thicknesses of 2–5 mm,
which decreased to low ones in a short period of time. The variation of the IHTC values with a
peak arrival following a quick drop in the HPDC was attributed to the occurrence of rapid
solidification and high fraction solid in the mold cavity leading to a reduction of pressure
transmitted from the piston to the casting mold interface. Although the IHTC of light alloys was
investigated broadly by previous researchers on various conventional casting processes with
relatively simple casting geometries, work on the establishment of the relations between the IHTC
and the casting thicknesses under various applied hydraulic pressures for squeeze casting of Mg
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alloys, in particular AZ91, is limited. Furthermore, it was pointed out [16–19] that, in squeeze
casting, applied pressures and casting section thicknesses significantly influenced heat transfer
during solidification, resultant microstructure and mechanical properties of cast light alloys. Hence,
it is imperative to understand the effect of casting thicknesses and applied pressures as geometry
and process parameters on the IHTC during squeeze casting of Mg alloy AZ91.

In the present work, a special 5-step squeeze casting was virtually created for mathematical
modeling and numerical calculation of the IHTCs, which depend on casting thicknesses and
applied pressures. The measuring temperature units to simultaneously host multiple thermocouples
were designed and used for precise real-time temperature measurements during squeeze casting of
magnesium alloy AZ91, which is the most widely used magnesium alloy in the automotive
industry. The measured temperatures were employed as input data for the IHTC calculation with
the inverse method. The relations between the IHTCs and the section thicknesses at the various
applied pressure levels of 0, 30, 60 and 90MPa, which were established based on the multivariate
linear and polynomial regression, were presented and discussed.

2. EXPERIMENTAL
2.1 Materials
The alloy employed in the work was commercially available Mg alloy AZ91, of which chemical
composition was Mg-9%Al–0.68% Zn–0.30% Si–0.13% Mn– 0.03% Cu, wt.%. The mold and the
thermocouple holder was made of P20 tool steel. The thermophysical properties of alloy AZ91
and P20 steel are listed in Table 5 - 1.

2.2 Step Casting Design
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To understand the effect of the casting section thickness on heat transfer phenomena during
squeeze casting of Mg alloy AZ91, a step casting was designed, which contained five different
casting section thicknesses. The dimensions of the five steps were 2 × 30 × 100 mm, 4 × 30 × 100
mm, 8 × 30 × 100 mm, 12 × 30 × 100 mm, and 20 × 30 × 100 mm. A 3D model of the designed
step casting was displayed in Fig. 5 - 1. The bottom cylinder with a diameter of 100 mm served as
a gating system enabled the molten alloy to fill the mold cavity smoothly during casting.

Table 5 – 1. Thermophysical properties of Mg alloy AZ91 and P20 Steel [20, 21]
Alloy
AZ91

Properties
Density (kg/m3)
Specific heat (SH) (J/kg K)
Thermal conductivity (TC) (W/m K)
Latent heat of fusion (kJ/kg)
Liquidus temperature (°C)
Solidus temperature (°C)

Mold

Solid

Liquid

1810
1050
105
370
598

1650
1350
72

P20
7810
460
29

468

2.3 Squeeze Casting Process
The lab casting system included a 75-ton hydraulic press machine, a two-part split upper mold
containing a 5-step cavity, a cylindrical lower mold with a cylindrical sleeve and a data collection
system, which were schematically shown in Fig. 5 - 2. An electric furnace protected by a gas
mixture of sulfur hexafluoride (SF6) 0.5% and balance CO2 was used for melting Mg alloy AZ91.
The entire setup of the casting system including of the two-part split upper mold mounted on the
top steel platen in the press was schematically illustrated in Fig. 5 - 2. Before pouring molten metal,
the upper mold was preheated to 220 °C by four heating cartridges inside the dies. To ease the
casting ejection and minimize thermal resistance, a thin layer of mold coating (50 μm), which was
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Boron Nitride lubrication (Type Sf), was sprayed onto the inner surfaces of both the upper and
lower molds, and dried, before being heated to the pre-set temperatures. To reduce the heat loss of
the melt, the bottom lower mold was preheated to 365 °C. The casting operation consisted of
pouring molten magnesium alloy AZ91 at 710 °C into the lower cylindrical bottom mold, closing
up the molds, filling the mold cavity, keeping a desired applied pressure for 60 s time, opening the
mold by lowering the bottom mold, separating the upper mold, and ejecting a 5-step casting from
the upper mold at the end of a squeeze casting cycle. Omega® KTSS-116G-24 thermocouples
with less than 10 ms response time were utilized for temperature measurements. The real-time
temperature history was registered by a LabVIEW-based data collection system.

2.4 Temperature Measurements
To measure temperatures at the casting-mold interface and its adjacent region precisely and
effectively, a specific P20 steel thermocouple holder accommodating four thermocouples, of
which three thermocouples, named A, B and C, were placed in the depths of 2, 4, 8 mm from the
inner mold surface. The other thermocouple (D) was penetrated through the mold surface and bent
down to 90 degree for a firm contact with the casting for the measurement of temperatures at the
casting surface. Figure 5 - 3 shows the positions of thermocouples in a holding pin to measure
temperatures on the casting surface and at the different depths from surface inside the upper mold.
To record the temperature history of each step, as depicted in Fig. 5 - 4, five thermocouple holders
were employed for the 5 steps containing twenty K-type thermocouples in total, which had a
diameter of 1.6 mm, stainless steel sheath, ungrounded junction, and a sheath length of 610 mm.
During the installation, thermocouples were inserted tightly in the holder to have a firm contact,
and the holder was securely placed in the upper mold. As the same type of material was selected
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for both the mold and the thermocouple holder, the heat transfer abnormality was minimized in
the mold.

Fig. 5 - 1 (a) Side view, (b) front view and (c) isometric view of a 5-step casting 3-D model with
the cylindrical gating system

Fig. 5 - 2 Schematic graph displaying the casting system with a 75-ton hydraulic machine and a
data collection system
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3. INVERSE ALGORITHM FOR IHTC DETERMINATION
Due to the transient nature of heat transfer taking place in squeeze casting of AZ91 alloy and the
design geometry of the step casting, one dimensional unsteady state heat conduction equation
below was employed for the IHTC determination.

Fig. 5 - 3 Positions of thermocouples in a holding pin for detecting the casting surface and the
inside die temperatures. All dimensions are in millimeters

𝜌𝑐

𝜕𝑇(𝑥,𝑡)
𝜕𝑡

=

𝜕
𝜕𝑥

[𝑘

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

]

(1)

where ρ is the density of the conducting mold, T is the temperature, t is the time and x is the
distance from the mold surface to the node point; c and k are the specific heat capacity and thermal
conductivity of the mold, respectively.

For the surface sensor node of the mold, Eq. 1 was indicated as Eq. 2a:
(1 + 2𝐹0 )𝑇0𝑃+1 − 2𝐹0 𝑇1𝑃+1 = 2𝐹0

∆𝑥
𝑘

𝑞0 + 𝑇0𝑃

(2a)

For an interior sensor node of the mold, Eq. 1 was solved as Eq. 2b:
𝑃+1
𝑃+1
(1 + 2𝐹0 )𝑇𝑛𝑃+1 − 𝐹0 (𝑇𝑛−1
+ 𝑇𝑛+1
) = 𝑇𝑛𝑃
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(2b)

where

𝐹0 =

𝛼∆𝑡
(∆𝑥)2

=

𝑘

∆𝑡

(2c)

𝑐𝜌 (∆𝑥)2

The heat flux in the casting–mold interface (q0) at each time step was obtained based on below
procedures: (1) For the first time step, a preliminary value of heat flux q0 was assumed, which was
kept constant for a specific integer number (u = 2–5) of the following time steps; (2) according to
Eqs. (2a) and (2b), with the measured starting mold temperature (p = 0), the temperature
distribution at each node for the next time step was calculated with this q0; (3) the presumed heat
flux value was changed by a small value (εq0), where ε was a small fraction; (4) the new
temperature distribution value corresponding to (q0 + εq0) was determined; and (5) the sensitivity
coefficient (X) was calculated by Eq. (3). To minimize the calculation deviation, the calculated
temperatures were compared with measured one at the same location, and the assumed heat flux
(q) was corrected by Eq. (4). The amended heat flux of the same time step was obtained by Eq.
(5).
𝑋𝑃+𝐽−1 =

𝜕𝑇
𝜕𝑞

∆𝑞 𝑝 =

=

𝑝+𝑗−1

𝑇𝑒𝑠𝑡

𝑝+𝑗−1

∑𝑢
𝑗=1(𝑌𝑚𝑒𝑎

𝑝+𝑗−1

(𝑞𝑝 +𝜀𝑞𝑝 )−𝑇𝑒𝑠𝑡
𝜀𝑞𝑝

𝑝+𝑗−1

−𝑇𝑚𝑒𝑎

)𝑋 𝑝+𝑗−1

𝑝+𝑗−1 )2
∑𝑢
𝑗=1(𝑋

𝑝

𝑞𝑐𝑜𝑟𝑟 = 𝑞 𝑝 + ∆𝑞 𝑝

(𝑞𝑝 )

(3)

(4)
(5)

where Test (q) was appraised temperatures on p time step at the measuring node points inside the
mold with a heat flux q as a boundary constant and Ymea was measured temperatures at the same
gauging node points.
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Fig. 5 - 4 Configuration of upper-dies and geometric installation of thermocouples
The corrected heat flux and the new temperature distribution were utilized as the initial value for
next cycle of computation. The calculation process was repeated until the following condition
shown in Eq. (6) was fulfilled.
∆𝑞𝑝
𝑞𝑝

≤𝜀

(6)

Hence, the surface heat flux and mold temperature were determined to all time steps according to
above procedures. The inverse algorithm process for the IHTC at the casting–die interface is
illustrated in Fig. 5 - 5. The j in Eq. 3 was the integer subsequent future time steps (j = 1, 2…u)
and j should not bigger than u (a definite integer number). The inverse modeling was to calculate
heat flux (q) using the present temperatures and the future temperatures. The future temperatures
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were the calculated temperatures at time steps greater than the present time steps estimated using
the known boundary condition T(L, t) = T-A_2 mm, T-B_4 mm and T-C_8 mm, and the assumed
constant heat flux(qp = qp+1 =…= qp+j-1 ), which set some future qp+1 was equal to qp+j-1. But, p was
the present time steps for all nodal points. Only after the calculated heat flux satisfied Eq. 6, the
present time can go to next step (p = p + 1). After the heat flux was computed, the heat transfer
coefficient h was determined by the following equation:
h

q
Tcs  Tms

(7)

where h is the IHTC; q is the average heat flux at the metal-die interface; Tcs and Tms are the casting
surface temperature and mold surface temperature, respectively.

The initial and boundary conditions were represented in mathematical forms as follows:
𝑇(𝑥, 0) = 𝑇𝑖 (𝑥)
𝑞(0, 𝑡) = −𝑘(𝑇)

𝜕𝑇

(8)
|

𝜕𝑥 𝑥=0

𝑇(𝐿, 𝑡) = 𝑌(𝐿, 𝑡)

(9)
(10)

where Ti is the initial temperature of the die; q is the heat flux at the casting-die interface; L is the
distance from the last temperature measurement point to the die surface; Y is the measured
temperature at distance L from die surface.

4. NUMERICAL SIMULATION FOR IHTC VERIFICATION
By employing the IHTC values calculated based on the inverse algorithm, the numerical
simulation of the step casting was carried out to compute the temperature distribution of the step
casting.
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Fig. 5 - 5 Flow chart showing the inverse algorithm for IHTC determination at the casting-mold
interface

To verify the accuracy of the calculated IHTCs, the cooling curves at the centre of step 5 were
compared between mathematical predictions and experimental measurements. The commercial
simulation package (MAGMAsoft®) based on the finite difference method was used as the
simulation tool in which 60MPa pressure was chosen to perform the verification. Before
performing the simulation, casting parameters were defined, including the thermophysical
properties of the cast alloy and mold, and their pre-set temperatures. The boundary condition, i.e.
the heat transfer coefficients, was input in the casting configuration. Specifications of filling and
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solidification processes consisted of filling time, filling direction, feeding effectiveness, pouring
temperatures and the solver types. The feeding effectiveness specified the maximum ratio of
available volume for feeding to actual volume of the top chill vent. The filling time was computed
according to the casting size and the moving speed of the hydraulic plunger. The fill direction
showed the molten alloy flowing into the mold and its movement along the positive Z direction to
match the orientation of the squeeze casting system. The filling and solidification simulation
parameters used in this study are listed in Tables 5 - 2 and 5 - 3 [22].

Simulation of the mold filling and solidification procedure requested geometrical models of the
casting, the mold and the gating system. The preprocessor module of the simulation software read
the STL files as geometry. After the full casting model was prepared, the entire geometry was
enmeshed to 2 million elements. Three different heat transfer coefficients were input to the
prediction calculation: (1) a constant 7000 W/m2 K IHTC (C7000) [22]; (2) the heat transfer
coefficient reckoned by Yu [23]; (3) the heat transfer coefficients calculated by the inverse
algorithms in this work. The thermophysical properties of the magnesium alloy AZ91 were chosen
from the database of the simulation software. The preliminary and boundary conditions during
simulation are listed in Table 5 - 4. Upon the completion of the geometry enmeshment and the
process parameter selection, the filling and solidification simulations were executed. The accuracy,
computational time and potential industrial application were taken into the consideration for the
selection of the finite difference algorithm-based numerical computation (Solver).

5. RESULTS AND DISCUSSIONS
5.1 Pressure Effect on IHTCs
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Typical temperature versus time curves of step 5 under an applied pressure of, 60 MPa, at the
casting surface, mold surface, and at the three depths of 2, 4 and 8 mm from the inner mold surface
inside the mold are displayed in Fig. 5 - 6. The recorded temperature history of the casting surface
showed that, on the commencement of mold cavity filling, the casting surface temperature at step
5 increased very quickly, and arrived at a peak of 585 °C in less than one second. This was because,
upon the cavity filling, the hot molten alloy AZ91 pushed by the plunger led to its touch on
thermocouple D in the mold cavity. Since the complete set of the mold consisted of the two-part
split upper die and the lower cylindrical bottom die, the pre-solidification of the poured molten
alloy in the bottom die could occur at the die inner surface.

Table 5 - 2 Parameters for filling simulation
Parameter

Value

Filling definition
Solver
Filling depends on
Filling time
Storing data
Fill direction-X
Fill direction-Y
Fill direction-Z

Solver 5
Time
1.8 s
5% increments of % filled
0
0
+1

It was observed that the recorded highest temperature of 585 °C on the casting surface was lower
than the liquidus temperature of 598 °C. Right after reaching the peak value, the casting surface
temperature decreased speedily to 400 °C in 8 s. The rapid transient heat conduction from the
casting to the mold resulting from the firm contact at the casting/mold interface generated by the
high applied pressure should be responsible for a quick reduction in the casting surface
temperature.
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Table 5 - 3 Parameter for solidification simulation
Parameter

Value

Solidification definition
Temperature from filling
Solver
Stop simulation
Stop value
Calculate feeding
Feeding effectivity
Criterion temperature 1#
Criterion temperature 2#
Storing data

Yes
Solver 5
Automatic
325°C
Yes
58%
468°C
598°C
5% increments of % solidified

Along with the temperatures at the casting surface, the temperatures at the three locations inside
the mold were measured simultaneously by the embedded thermocouples in the mold. It can be
seen from Fig. 5 - 6 that, compared with the casting surface temperature, the mold temperatures at
the three detected locations (T-A-2 mm, T-B-4 mm and T-C-8 mm) rose slowly from the pre-set
temperature of 220 °C. After the beginning of the cavity filling process, it took about 6, 8 and 10
s for the locations of T-A, T-B and T-C to reach their peak temperatures (TA_2mm: 366 °C, TB_4mm: 343 °C and T-C_8mm: 326 °C). The relatively slow rise in the mold temperature and the
time delay to the temperature peak of the deep location in the mold might be attributed to the fact
that the transient heat conduction in the mold was slower than that in the casting, as the thermal
conductivity of the AZ91 alloy is 2.5 times higher than that of the P20 tool steel. This also caused
a slow drop in the mold temperatures after the mold peak temperature, before they arrived at an
almost common plateau of 300 °C about 35 s after the completion of the cavity filling. It was noted
that all the measured mold temperatures were below 400 °C. Based on the mold temperature
measurements, the die surface temperatures given in Fig. 6 were calculated by the inverse method.
The difference in temperature between the casting and mold surfaces implied that a thermal
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resistance was present at the casting/mold interface during squeeze casting, due to the high melting
temperature (2973 °C) of the Boron Nitride used for lubrication coating.

Table 5 - 4 Initial and boundary conditions for simulation
1 Material definitions
(initial temperature)
(°C)
2 Boundary definitions
(heat transfer coefficient)
(W/m2K)

Cast alloy (AZ91)

650

Mold (P20)

220
(1) C7000

Casting-mold

(2) Yu’s curve
(3) Inverse method

3 Filling definitions
(pouring time)

Use solver 5

1.8

(s)

However, a rapid increase in the mold surface temperature indicated that the thermal resistance
was limited. This was because the coating applied on the mold surface was very thin, and also the
firm contact between the casting and mold generated by the high applied pressure reduced the
thermal resistance. In addition, an instantaneous rise of the measured casting surface temperature
demonstrated the effectiveness of temperature measurement during squeeze casting.

The heat flux (q) was derived from the inverse algorithm stated in section 3. Based on determined
mold surface temperature and heat flux as well as the measured casting surface temperature, the
interfacial heat transfer coefficient (IHTC) was computed according to Eq. 7 given in section 3.
Figure 5 - 7 presents the typical curves of interfacial heat flux (q) and heat transfer coefficient
(IHTC) at step 5 with an applied pressure of 60MPa, estimated by the inverse method. Both the
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curves increased promptly to their peaks, and then decreased slowly. The peak values of the heat
flux and the IHTC was 1070 kW/m2 and 10,122 W/m2 K, respectively. The times for reaching the
peaks of the heat flux and the IHTC were 1.4 and 4.3 s, respectively. The differences in times
between the peaks might result in the fast drop in the casting surface temperature and the relatively
slow rise of the die temperature, since the thermal conductivity of the AZ91 alloy is much higher
than that of the P20 tool steel.

Figure 5 - 8 displays the IHTC curves of step 5 at the casting/mold interface under the applied
hydraulic pressures of 0, 30, 60, and 90 MPa. The four curves showed the IHTC values increased
rapidly at the beginning of the squeeze casting process, reached their own maximum values, and
then decreased gradually. The times to reach the summits for 0, 30, 60 and 90 MPa were 2.9, 3.8,
4.3 and 5.8 s, respectively. It appeared that the high applied pressure increased the time for the
casting/mold interface to reach the IHTC summits. The time variation implied that the high applied
pressure made the firm contact between the casting and the mold for an extended period of time,
which provided an enhanced heat conduction and material densification condition during the
solidification and shrinkage in squeeze casting of the AZ91 alloy. The maximum IHTC values
were 5544, 7643, 10,122 and 11,850 W/m2 K for the applied pressures of 0, 30, 60 and 90 MPa,
respectively. The increase in the applied pressure from 0 to 30, 60 and 90 MPa enhanced the IHTC
values by 38%, 32% and 17%, respectively. Evidently, the high applied pressure increased the heat
transfer at the metal/mold interface during the entire period of squeeze casting. However, the
enhancement of the IHTC values was decreased from 32% to only 17% as the pressure increased
from 60 to 90 MPa. This observation inferred that the applied pressure of 60 MPa might be

93

sufficient to improve the heat transfer at the casting/mold interface for the squeeze casting of the
Mg alloy AZ91.

Fig. 5 – 6. Typical temperature versus time curves of step 5 under an applied pressure of 60 MPa,
on the casting surface, the mold surface, and at the various positions of 2, 4, 8 mm from the inner
mold surface inside the mold

5.2 Effect of Casting Wall Thicknesses on IHTCs
Figure 5 - 9 presents the heat transfer coefficient (IHTC) curves for all the 5 steps derived by the
inverse method under an applied pressure of 60 MPa. At all the steps, the IHTC values arose
speedily, and then went downward gradually after reaching their summits.
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Fig. 5 – 7. Typical curves of interfacial heat flux (q) and heat transfer coefficient (IHTC) at step 5
with an applied pressure of 60 MPa, estimated by the inverse method

With the 60 MPa pressure, as the step became thicker and thicker from steps 1 to 5, the maximum
IHTC values increased from 4420, 5127, 6921, 9195 to 10,122 W/m2 K, respectively. Besides the
differences in their maximum IHTC values, the time used for the IHTCs to arrive at their maximum
values at the beginning period of squeeze casting became longer for the thicker steps. Steps 1, 2,
3, 4 and 5 spent 1.5, 1.8, 2.2, 3.1, and 4.3 s to reach their summits, respectively. This was because
more time was needed for the pressure transfer from the plunger to the metal/mold interface. Also,
it took much longer time for the thick steps (steps 4 and 5) to reduce their IHTC values to their
own low levels than those of the thin steps. This observation indicated that the much firmed contact
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between the casting and mold inner surface were present at the thick steps for the extended times.
Hence, the section thickness considerably influenced the IHTC variation with casting processing
times and the corresponding maximum values, which became longer and larger with increasing
the applied pressure levels.

Fig. 5 – 8. Casting-mold interfacial IHTC curves of step 5 under the four applied hydraulic
pressures of 0, 30, 60, and 90 MPa
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Fig. 5 - 9 Interfacial heat transfer coefficients (IHTC) curves of 5 steps under an applied pressure
of 60 MPa

Figure 5 - 10 gives the IHTC peak values for all the five steps at the four different applied pressure
levels of 0, 30, 60 and 90 MPa. Examination of the displayed curves revealed the similarities
between the IHTC peak values of the five thicknesses under the four applied pressures. At the each
pressure, the IHTCs increased with increasing the section thicknesses from step 1 to 5. For instance,
under the applied pressure of 30 MPa, the IHTCs of steps 1, 2, 3, 4 and 5 were 2454, 3390, 4728,
6199 and 7643 W/m2 K. As the section thickness increased from 2 to 4, 8, 12 and 20 mm, the
IHTC values increased by 38%, 93%, 153% and 211%. Meanwhile, the high applied pressure of
90MPa increased the peak IHTC values to 4888, 6411, 7742, 9823 and 11,206 W/m2 K for the
section thicknesses of 2, 4, 8, 12 and 20 mm, respectively. The increase in the applied pressure
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from 30 to 90 MPa led to an increase of 99%, 89%, 64%, 58% and 55% in the IHTC for the section
thicknesses of 2, 4, 8, 12 and 20mm, respectively. The high applied pressure appeared less effective
for the IHTCs of the thick section than those of the thin sections. The requirement of the high
pressure to maintain the firm contact for heat transfer between the rigid thin section due to the
rapid solidification and the mold might be responsible for the pressure effectiveness on the IHTC
increase.

Fig. 5 – 10. The peak IHTC values of 5 steps estimated by the inverse method with the applied
pressures of 0, 30, 60 and 90 MPa

5.3 IHTC Relations with Section Thicknesses
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From the interfacial heat transfer coefficient (IHTC) curves varying with the section thicknesses
and the temperatures, the peak IHTC value (h) empirical equation as a function of section
thicknesses (t) and casting temperatures (T) were derived for all the five steps by multivariate
linear and polynomial regression.
For the applied pressure of 0 MPa,
hp0 = (138.5285t – 140.4851)T - 76,671.0282t + 95,887.7978
(the correlation coefficient: R0 = 0.9776)

For the applied pressure of 30 MPa,
hp30 = - (2.2275t - 23.5921)T + 1,251.8176t – 5,909.7567
(the correlation coefficient: R30 = 0.9526)

For the applied pressure of 60 MPa,
hp60 = - (1.6073t - 22.6600)T + 866.1033t - 2,836.0198
(the correlation coefficient: R60 = 0.9855)

For the applied pressure of 90 MPa,
hp90 = - (1.5499t - 24.8267)T + 802.3015t - 2,480.1651
(the correlation coefficient: R90 = 0.9991)
where t is the casting section thickness in mm with the range from 2 to 20 mm, and T is the casting
temperatures with the range from 210 to 585 °C, and the correlation coefficient R varies from
0.9526 to 0.9991.

5.4 IHTC Verification
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As a 5-step magnesium alloy AZ91 was squeeze casted under 60 MPa pressure with a melt
temperature of 710 °C and a mold temperature of 220 °C, the temperature history in the center of
the fifth step is shown in Fig. 5 - 11. In the squeeze casting experiment, once the molten alloy was
pushed into cavity, the temperature recorded by the first segment of the cooling curve increased
very rapidly. Upon the arrival of the molten alloy at the center of step 5, the temperature reached
its maximum of 600 °C within two seconds. Since the liquidus temperature (598 °C) of the AZ91
alloy is slight lower than 600 °C, the liquid state was maintained in the center of step 5 at the end
of the cavity filling process.

Fig. 5 – 11. A typical experimental cooling curve in the centre of step 5 (AZ91) under an applied
pressure of 60 MPa
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The presence of the highest temperature (600 °C), which was only two degrees higher than the
liquidus temperature, implied that the pre-solidification might occur in the skin of the 5-step
casting close to the casting/mold interface during filling. This was because the center of step 5
should be the last solidification region. It took only 5 s for the temperature to quickly drop to the
solidus temperature of 468 °C from 600 °C. Afterwards, the temperature decreased slowly and
reached to 290 °C at the 60th second.

To verify the determined IHTC, the temperature profiles of the AZ91 step casting were predicted
by the employed simulation package, in which the different IHTCs were imported along with the
same mold materials and process parameters. The predicted temperature histories at the center of
step 5 were compared among the different IHTCs.

(a)
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(b)

(c)
Fig. 5 – 12. Temperature isocontours of the step casting with 80% of the solidified casting volume
predicted by using different IHTCs, (a) 7000 W/m2 K, (b) Yu’s work and (c) the present study
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Fig. 5 - 12 displays a sequence of the temperature isocontour plots inside the step-5 casting
simulated by inputting three different HTCs, as 80% of the casting volume was solidified. The
difference in the temperature distribution was visible among the simulated three cases by using a
constant IHTC of 7000 W/m2 K [22], the IHTC data from Yu’s research [23] and the determined
IHTC in this study. For the purpose of comparison, the cooling curves in the center of step 5
predicted by using the three different IHTCs were named “C7000” for the constant of 7000 W/m2
K, “YU” for Yu’s work, “Inverse Method” for the present study, and “Experimental” for the
experimental measurement.

Figure 5 - 13 compares the experimental measurement to numerical predications. The entire
cooling duration from 600 to 300 °C was displayed in Fig. 5 - 13(a). To reveal the difference
between the predicted and measured cooling curves in details, Fig. 5 - 13(b) presents the zoomedin graph, which was focused the solidification range of the AZ91 alloy. Curves “C-7000” and “YU”
presented in Fig. 5 - 13 stood above the other two curves of “Inverse Method” and “Experimental”.
The relatively high temperatures of curves “C-7000” and “YU” over the entire solidification and
cooling period indicated that the selection of the constant 7000 and the Yu’s IHTC resulted in an
underestimation of the IHTC values for the squeeze casting of the AZ91 alloy. Curve “Inverse
Method” given in Fig. 5 - 13(b) represents the predicted temperatures by using the IHTC data
derived from the inverse algorithms in this study. The computational result from the inverse
method was in very good agreement with experimental one compared to those resulting from other
methods.

103

(a)

(b)
Fig. 5 – 13. Experimental and computational cooling curves at the center of step 5 under an applied
pressure of 60 MPa, (a) the entire cooling duration, and (b) the solidification range
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Figure 5 - 14 displays the temperature differences between the computational results and
experimental measurements at the center of step 5 under an applied pressure of 60 MPa. The largest
and the average temperature differences were 19.1 and 8.2 °C for the “C7000”, and 12.7 and 4.1 °C
for the “YU”, respectively. However, the maximal temperature difference was only 7.6 °C and the
mean temperature gap was 2.8 °C between the mathematical calculation of the inverse algorithm
and the experimental measurements during the solidification of the squeeze cast AZ91 alloy. This
observation suggested that the inverse algorithm was capable of determining the IHTC between
the squeeze casting and mold precisely and reliably. A small discrepancy between the experimental
measurement and the computed temperatures was present, which could be resulted from the
inaccuracy in the measurement of the casting surface temperatures for the IHTC calculation.
Additionally, it was very difficult to precisely measure the temperatures in the casting center
during the cavity filling and the solidification under the very high applied pressure of 60 MPa.
Furthermore, during the calculation of the mold surface temperature with the inverse method, the
fixed values of the thermal conductivity (TC) and specific heat (SH) for the P20 steel were
employed. As known, with increasing temperatures, the thermal conductivity decreases while heat
capacity increases for metallic alloys. The employment of the fixed TC and SH values instead of
using the temperature-dependent relations could cause a possible inaccuracy of the IHTC values,
and consequently the deviation between the computed and measured cooling curves.

105

Fig. 5 – 14. Temperature differences between the computational results and experimental
measurements at the center of step 5 under an applied pressure of 60 MPa

6. CONCLUSIONS
1. Mg alloy AZ91 with five different section thicknesses corresponding to five steps (2, 4, 8, 12,
20 mm for steps 1, 2, 3, 4,5) was squeeze cast under the applied pressures of 0, 30, 60, and 90 MPa.
The heat fluxes and IHTC values at the casting/mold interface were calculated by the inverse
method. Upon the commencement of the squeeze casting process, the heat fluxes and IHTCs rose
rapidly to their maximum values and decreased steadily to the low values.
2. The applied pressures affected the maximum IHTC values significantly. The maximum IHTC
values were 5544, 7643, 10,122 and 11,850 W/m2 K for the applied pressures of 0, 30, 60 and
90MPa, respectively. The increase in the applied pressure from 0 to 30, 60 and 90 MPa enhanced
the IHTC values by 38%, 32% and 17%, respectively. Evidently, the high applied pressure
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increased the heat transfer at the casting/mold interface during the entire period of squeeze casting.
However, the enhancement of the IHTC values was decreased from 32% to only 17% as the
pressure increased from 60 to 90 MPa. This observation inferred that the applied pressure of 60
MPa might be sufficient to improve the heat transfer at the casting/mold interface for the squeeze
casting of the Mg alloy AZ91.
3. The considerable influence of the casting section thicknesses on the IHTC values was revealed.
With the 60 MPa pressure, as the step became thicker and thicker from steps 1 to 5, the maximum
IHTC values increased from 4420, 5127, 6921, 9195 to 10,122 W/m2 K, respectively. Besides the
differences in their maximum IHTC values, the time used for the IHTCs to arrive at their maximum
values at the beginning period of squeeze casting became longer for the thicker steps. Steps 1, 2,
3, 4 and 5 spent 1.5, 1.8, 2.2, 3.1, and 4.3 s to reach their summits, respectively. This was because
more time was needed for the pressure transfer from the plunger to the metal/mold interface. Also,
it took much longer time for the thick steps (steps 4 and 5) to reduce their IHTC values to their
own low levels than those of the thin steps.
4. Under the applied pressure of 30 MPa, the IHTCs of steps 1, 2, 3, 4 and 5 were 2454, 3390,
4728, 6199 and 7643 W/m2 K. As the section thickness increased from 2 to 4, 8, 12 and 20 mm,
the IHTC values increased by 38%, 93%, 153% and 211%. Meanwhile, the high applied pressure
of 90 MPa increased the peak IHTC values to 4888, 6411, 7742, 9823 and 11,206 W/m2 K for the
section thicknesses of 2, 4, 8, 12 and 20 mm, respectively. The increase in the applied pressure
from 30 to 90MPa led to an increase of 99%, 89%, 64%, 58% and 55% in the IHTC for the section
thicknesses of 2, 4, 8, 12 and 20 mm, respectively.
5. The high applied pressure appeared less effective for the IHTC increase of the thick section than
those of the thin sections. The requirement of the high pressure to maintain the firm contact for
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heat transfer between the rigidity thin section due to the rapid solidification and the mold might be
responsible for the pressure effectiveness on the IHTC increase.
6. The empirical equations for all the steps relating the IHTCs to the section thickness and casting
temperature under the applied pressures ranging from 0 to 90 MPa were developed by multivariate
linear and polynomial regression.
7. The computational result from the inverse method was in very good agreement with
experimental one compared to those resulting from other methods. The maximal temperature
differences were about 8 °C and the mean temperature gap were around 1.5 °C between
mathematical calculation of the inverse algorithms and experimental measurements during the
solidification of the squeeze cast AZ91 alloy.
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CHAPTER 6
DEPENDENCE OF INTERFACIAL HEAT TRANSFER IN
SQUEEZE

CASTING

OF

WROUGHT

MAGNESIUM

ALLOY AZ31 ON CASTING SECTION THICKNESSES
AND APPLIED PRESSURES

1. INTRODUCTION
Heat transfer from casting to mold in casting processes is considered a fundamental factor
influencing microstructure and mechanical properties of magnesium alloys. High mechanical
properties associated with fine microstructure is attributed to speedy heat transfer taking place in
casting processes such as high pressure die casting (HPDC), a conventionally commercial
manufacturing process for mass production of magnesium automotive components compared to
low heat transfer in permanent mould and sand casting. However, porosity existence in HPDC
products negatively affects the mechanical properties because of extremely high mold cavity
filling causing air entrapment [1]. Meanwhile, the squeeze casting, also known as pressurized
casting, with laminar flow filling at one tenth speed of HPDC is an advanced process to realize
virtually porosity-free and heat-treatable magnesium components with improved mechanical
properties [2].
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To develop high integrity magnesium automotive components with complex geometry in squeeze
casting, numerical simulation of cavity filling and solidification processes for Mg squeeze castings
with different section thicknesses is essential to be performed. Since the precision of cavity filling
and solidification simulation is determined by the exactness of modeling interfacial heat transfer
coefficients (IHTCs) at the casting and mold interface, which is a hard-nut due to several factors
to be considered, for instance, coating thickness, mould surface condition, casting dimension,
casting feature, air gap, and preheat temperature, etc. In conventional casting processes, non-close
contact between mould and molten alloy exists because of mold inner surface coating, and air gap
owing to casting contraction and mould expansion during solidification, which is regarded as
thermal barrier for decreasing heat transfer at the interface between the cast alloy and mould.
However, the thermal barrier can be minimized by high applied pressures employed in squeeze
casting.

For aluminum and magnesium alloy castings with comparatively low liquidus and solidus
temperatures, the main heat transferring mechanism through interface contact points is heat
conduction instead of radiation and convection [3, 4]. Previous experimental work was conducted
to investigate the effect casting parameters i.e. superheat, freezing range, and metal head height on
IHTCs for light alloys. The effect of alloy freezing range and metal head height for an aluminum
alloy was examined by Browne and O’Mahoney [5]. Ferreira et al. [6, 7] analyzed IHTC variation
influenced by mould material, roughness, coatings, initial temperature distribution, melt superheat,
and alloy composition. Arunkumar et al. [8] explored 2-D heat transfer of gravity die casting, and
explored how preliminarily variable temperature field that typically appeared after mould cavity
filling caused the distribution of heat flux, and non-uniformly triggered air-gap formation at the
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casting-mould interface. Meneghini and Tomesani [9] found that the uptick of metal head height
increased the IHTCs and put off the initiation of air-gap during gravity die casting for an aluminum
alloy. Chattopadhyay [10] modeled the squeeze casting of A356 alloy with heat transfer
coefficients range of 20,000–40,000 W/m2 K under applied pressures of 25–100 MPa, and
proposed that 60–100 MPa pressure was optimal for testing alloy by squeeze casting process.
Aweda and Adeyemi [11] discovered that the IHTC of pure aluminum increased by 14% under 86
MPa pressure. Guo et al. [12] uncovered that heat transfer coefficient of 2–14 mm section thickness
ADC12 alloy firstly reached 10,000–20,000 W/m2 K value, followed by a swift decline to a few
hundred W/m2 K values. For the HPDC of AM50 alloy in a H13 steel mould, the peak value of
heat transfer coefficient arrived at 12,000 W/m2 K, then reduced less than 1000 W/m2 K beyond 7
seconds. Dour et al. [13] measured the IHTC 45,000–60,000 W/m2 K values for a eutectic Al–12%
Si alloy under 33–90 MPa pressures range. Hamasaiid et al. [14] and Dargusch et al. [15] showed
the highest IHTC values of 90,000–112,000 W/m2 K for the HPDC AZ91 alloy with the section
thicknesses of 2–5 mm. They decreased to lower values in a short period of time. The variation
of the IHTC values by the HPDC from a peak arrival to a quick drop was resulted from the
occurrence of rapid solidification with high percentage solid in the mold leading to a reduction of
pressure transmitted from the piston to the casting-mold interface.

Studies on casting of wrought Mg alloys were attempted, despite the fact that wrought alloys with
low alloying element contents have poor castability such as hot tearing and poor fluidity [16, 17].
Twin roll casting was applied successfully to produce Mg AZ31 strips with thicknesses between
3 mm and 7 mm and a maximum with of 740 mm. The fine secondary dendrite arm spacing
(SDAS) of the AZ31 due to the high cooling rate (80-300 K/s) of the twin roll casting process led
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to high mechanical properties with the ultimate tensile strength (UTS), yield strength (YS) and
elongation of 280 MPa, 240 MPa and 4%, respectively [18, 19]. He et al [20] studied the
solidification of AZ31 alloy casting from a wedge-shaped water-cooled copper mold, with a
cooling rate varying from 32 to 1053 K/s, and proposed the relationship between secondary
dendrite arm spacing (SDAS) at different locations in the casting and the local solidification time.
No production of complex castings was demonstrated by either the twin roll or wedge-shaped mold
casting processes. Meanwhile, it is shown that the squeeze casting was capable of minimizing the
negative effect of the castability on the quality of as-cast components with complex geometry [21].

Even though the IHTCs of light alloys was extensively investigated for a variety of casting
processes with relatively simple casting geometries, research correlating the IHTC to the casting
section thicknesses under several hydraulic pressures for squeeze casting of wrought magnesium
AZ31 alloy is scarce. Furthermore, it was mentioned [22-24] that applied pressures and casting
section thicknesses during squeeze casting significantly influenced heat transfer during
solidification, resultant microstructure, and mechanical properties of cast light alloys. Therefore,
it is imperative to figure out the effect of casting thicknesses and applied pressures as casting
parameters on the IHTC during squeeze casting of wrought magnesium AZ31 alloy.

In the present research, a specific 5-step squeeze casting was used for mathematical modeling and
numerical calculation of the IHTCs, which depend on casting thicknesses and applied pressures.
The units of recording temperature histories to simultaneously host multiple thermocouples were
designed and utilized for precise real-time temperature measurements during squeeze casting of
wrought magnesium AZ31 alloy, which has demonstrated great potential in the automotive and
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aerospace industries. The measured temperatures were employed as input data for the IHTC
calculation with the inverse method. The relations between the IHTCs and the section thicknesses
at several applied pressure levels of 30, 60 and 90 MPa, which were established based on the
multivariate linear and polynomial regression, were presented and discussed.

2. EXPERIMENT
2.1 Materials

The material employed in this work was commercially available wrought magnesium alloy AZ31,
of which chemical composition was Mg–3% Al–1% Zn–0.20 % Mn–0.10% Si– 0.05% Cu, wt.%.
The mold and the thermocouple holder was made of P20 tool steel. The thermophysical properties
of alloy AZ31 and P20 steel are listed in Table 6 - 1.

Table 6 - 1 Thermophysical properties of Mg alloy AZ31 and P20 Steel [18, 25-28]
Alloy
AZ31

Properties
Density (kg/m3)
Specific heat (SH) (J/kg K)
Thermal conductivity (TC) (W/m K)
Latent heat of fusion (kJ/kg)
Liquidus temperature (°C)
Solidus temperature (°C)

Mold

Solid

Liquid

1780
980
101
340
635

1626
1279
84

P20
7810
460
29

590

2.2 Step Casting Design

To explore the effect of the casting section thickness on heat transfer phenomena during squeeze
casting of magnesium alloy AZ31, a step casting was made, which had five different casting
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section thicknesses. The dimensions of the five steps were 2 × 30 × 100 mm, 4 × 30 × 100 mm, 8
× 30 × 100 mm, 12 × 30 × 100 mm, and 20 × 30 × 100 mm. A 3D model of the designed step
casting was shown in Figure 6 - 1. The bottom cylinder with 100 mm diameter served as a gating
system enabled the molten alloy to fill the mould cavity easily during casting process.

Fig. 6 – 1. (a) Side view, (b) front view and (c) isometric view of a 5-step casting 3-D model with
the cylindrical gating system

2.3 Squeeze Casting Process
The lab casting system included a 75-ton hydraulic press machine, a two-part split upper mold
showing a 5-step cavity mounted on the top steel platen in the press, a cylindrical lower mold with
a cylindrical sleeve and a data collection system, which were schematically displayed in Figure 6
- 2. An electric furnace protected by a gas mixture of sulfur hexafluoride (SF6) 0.5 % and balance
CO2 was used to melt magnesium alloy AZ31. Before pouring the molten alloy, the upper mold
was preheated to 225°C by four heating cartridges inside the moulds. To prevent casting from
bonding on the moulds, ease the casting ejection, and minimize thermal resistance, a 50-μm layer
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of mold coating named Boron Nitride lubrication (Type Sf), was sprayed onto the inner surfaces
of both the upper and lower molds, and then dried, before being heated to the pre-set temperatures.
To reduce the heat loss of the melt, the bottom lower mold was preheated to 350°C. The casting
process consisted of pouring molten magnesium AZ31 alloy at 730 °C into the lower cylindrical
bottom mold, closing up the molds, filling the mold cavity, keeping a desired pressure for 100
seconds, opening the molds by lowering the bottom mold, separating the upper molds, and ejecting
a 5-step casting from the upper mold at the end of a squeeze casting cycle. Omega® KTSS-116G24 thermocouples with less than 10-ms response time were utilized for temperature measurements.
The real-time temperature history was registered by a LabVIEW-based data collection system.

Fig. 6 – 2. Schematic diagram showing the squeeze casting system with a 75-ton hydraulic
machine and a data collection system

2.4 Temperature Measurements
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To precisely measure temperatures at the casting-mold interface and its adjacent region, a special
P20 steel thermocouple holder was designed and fabricated to accommodate four thermocouples,
of which three thermocouples, named A, B and C, were placed in the depths of 2, 4, 8 mm from
the inner mold surface. The other thermocouple (D) was penetrated along the center line of the
holder through the mold surface and bent down to 90 degree for a firm contact with the casting for
the measurement of casting surface temperatures. Figure 6 - 3 shows the positions of
thermocouples in a holding pin to measure temperatures on the casting surface and at the different
depths from surface inside the upper mold. To record the temperature history of each step, as
depicted in Figure 6 - 4, five thermocouple holders were employed for the 5 steps containing
twenty K-type thermocouples in total, which had a diameter of 1.5 mm, stainless steel sheath,
ungrounded junction, and a sheath length of 610 mm. During the installation, thermocouples were
inserted tightly in the holder to have a firm contact, and the holder was securely placed in the upper
mold. As the same type of material was selected for both the mold and the thermocouple holder,
the heat transfer abnormality was minimized in the mold.

Fig. 6 – 3. Positions of thermocouples in a holding pin for detecting the casting surface and the
inside mold temperatures. All dimensions are in millimeters
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Fig. 6 - 4 Configuration of upper-moulds and geometric installation of thermocouples

3. INVERSE ALGORITHM FOR IHTC DETERMINATION
Due to the transient nature of heat transfer taking place in squeeze casting of the AZ31 alloy and
the step casting geometry, one dimensional unsteady state heat conduction equation below was
employed for the IHTC determination

𝜌𝑐

𝜕𝑇(𝑥,𝑡)
𝜕𝑡

=

𝜕
𝜕𝑥

[𝑘

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

]

(1)

where ρ is the density of the conducting mold, T is the temperature, t is the time and x is the
distance from the mold surface to the node point; c and k are the specific heat capacity and thermal
conductivity of the mold, respectively.
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For the surface sensor node of the mold, Eq. 1 was indicated as Eq. 2a:
(1 + 2𝐹0 )𝑇0𝑃+1 − 2𝐹0 𝑇1𝑃+1 = 2𝐹0

∆𝑥
𝑘

𝑞0 + 𝑇0𝑃

(2a)

For an interior sensor node of the mold, Eq. 1 was solved as Eq. 2b:
𝑃+1
𝑃+1
(1 + 2𝐹0 )𝑇𝑛𝑃+1 − 𝐹0 (𝑇𝑛−1
+ 𝑇𝑛+1
) = 𝑇𝑛𝑃

(2b)

where

𝐹0 =

𝛼∆𝑡
(∆𝑥)2

=

𝑘

∆𝑡

𝑐𝜌 (∆𝑥)2

(2c)

The heat flux in the casting and mold interface (q0) at each time step was obtained based on below
procedures: (1) For the first time step, a preliminary value of heat flux q0 was assumed, which was
kept constant for a specific integer number (u = 2–5) of the following time steps; (2) according to
Eqs. (2a) and (2b), with the measured starting mold temperature (p = 0), the temperature
distribution at each node for the next time step was calculated with this q0; (3) the presumed heat
flux value was changed by a small value (εq0), where ε was a small fraction; (4) the new
temperature distribution value corresponding to (q0 + εq0) was determined; and (5) the sensitivity
coefficient (X) was calculated by Eq. (3). To minimize the calculation deviation, the calculated
temperatures were compared with measured one at the same location, and the assumed heat flux
(q) was corrected by Eq. (4). The amended heat flux of the same time step was obtained by Eq.
(5).
𝑃+𝐽−1

𝑋

=

𝑝

𝜕𝑇
𝜕𝑞

∆𝑞 =

=

𝑝+𝑗−1

𝑇𝑒𝑠𝑡

𝑝+𝑗−1 𝑝
(𝑞𝑝 +𝜀𝑞𝑝 )−𝑇𝑒𝑠𝑡
(𝑞 )

𝜀𝑞𝑝

𝑝+𝑗−1
𝑝+𝑗−1
𝑝+𝑗−1
∑𝑢
𝑗=1(𝑌𝑚𝑒𝑎 −𝑇𝑚𝑒𝑎 )𝑋
𝑝+𝑗−1 )2
∑𝑢
𝑗=1(𝑋
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(3)

(4)

𝑝

𝑞𝑐𝑜𝑟𝑟 = 𝑞 𝑝 + ∆𝑞 𝑝

(5)

where Test (q) was appraised temperatures on p time step at the measuring node points inside the
mold with a heat flux q as a boundary constant and Ymea was measured temperatures at the same
gauging node points. The corrected heat flux and the new temperature distribution were utilized
as the initial value for next cycle of computation. The calculation process was repeated until the
following condition shown in Eq. (6) was satisfied.
∆𝑞𝑝
𝑞𝑝

≤𝜀

(6)

Therefore, the surface heat flux and mold temperature were determined to all time steps according
to above procedures. The inverse algorithm process for the IHTC at the casting–mould interface
is illustrated in Fig. 6 - 5. The j in Eq. 3 was the integer subsequent future time steps (j=1, 2…u)
and j should not bigger than u (a definite integer number). The inverse modeling was to calculate
heat flux (q) using the present temperatures and the future temperatures. The future temperatures
were the calculated temperatures at time steps greater than the present time steps estimated using
the known boundary condition T(L, t) = T-A_2 mm, T-B_4 mm and T-C_8 mm, and the assumed
constant heat flux (qp = qp+1 =…= qp+j-1), which set some future qp+1 was equal to qp+j-1. But, p was
the present time steps for all nodal points. Only after the calculated heat flux satisfied Eq. 6, the
present time can go to next step (p = p+1). After the heat flux was computed, the heat transfer
coefficient h was determined by the following equation:
h

q
Tcs  Tms

(7)

where h is the IHTC; q is the average heat flux at the metal-mold interface; Tcs and Tms are the
casting surface temperature and mold surface temperature, respectively.
The initial and boundary conditions were represented in mathematical forms as follows:
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𝑇(𝑥, 0) = 𝑇𝑖 (𝑥)
𝑞(0, 𝑡) = −𝑘(𝑇)

𝜕𝑇

(8)
|

(9)

𝜕𝑥 𝑥=0

𝑇(𝐿, 𝑡) = 𝑌(𝐿, 𝑡)

(10)

where Ti is the initial temperature of the mold; q is the heat flux at the casting-mold interface; L is
the distance from the last temperature measurement point to the mold surface; Y is the measured
temperature at distance L from mold surface

Initial heat flux (q0)
Compute IHTC with
Eq. (7)

pmax ≤ p

Yes
Last time step?

qp = qp+1 = ··· = qp+j-1
Assumed heat
flux (constant)

Estimate nodes
𝑝+𝑗−1
temperature (𝑇𝑖
)
Next time step (p = p +1)

New heat flux

Calculate sensitivity
coefficient (𝜙 𝑝+𝑗−1 )
𝑝

Correct assumed heat flux (𝑞𝑐𝑜𝑟𝑟 )

No

𝑝

△𝑞𝑛+1
𝑝
𝑞𝑛+1

Yes
≤ ε ≤ 0.0001

Fig. 6 – 5. Flow chart showing the inverse algorithm for IHTC determination at the casting-mold
interface

4. NUMERICAL SIMULATION FOR IHTC VERIFICATION

123

By employing the IHTC values calculated based on the inverse algorithm, the numerical
simulation of the step casting was carried out to compute the temperature distribution of the step
casting. To verify the accuracy of the calculated IHTCs, the cooling curves at the center of step 5
were compared between mathematical predictions and experimental measurements. The
commercial simulation package (MAGMAsoft®) based on the finite difference method was used
as the simulation tool in which 60 MPa pressure was used to perform the verification. Before
performing the simulation, casting parameters were defined, including the thermophysical
properties of the cast alloy and mold, and their pre-set temperatures. The boundary condition, i.e.
the heat transfer coefficients, was input in the casting configuration. Specifications of filling and
solidification processes consisted of filling time, filling direction, feeding effectiveness, pouring
temperatures and the solver types. The feeding effectiveness specified the maximum ratio of
available volume for feeding to actual volume of the top chill vent. The filling time was computed
according to the casting size and the moving speed of the hydraulic plunger. The fill direction
showed the molten alloy flowing into the mould cavity and its movement along the positive Z
direction to match the orientation of the squeeze casting system. The filling and solidification
simulation parameters used in this study are listed in Tables 6 - 2 and 6 - 3 [27].

Table 6 – 2. Parameters for filling simulation
Parameter

Value

Filling definition
Solver
Filling depends on
Filling time
Storing data
Fill direction-X
Fill direction-Y
Fill direction-Z

Solver 5
Time
1.8 s
5% increments of % filled
0
0
+1
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Table 6 – 3. Parameter for solidification simulation
Parameter

Value

Solidification definition
Temperature from filling
Solver
Stop simulation
Stop value
Calculate feeding
Feeding effectivity
Criterion temperature 1#
Criterion temperature 2#
Storing data

Yes
Solver 5
Automatic
325°C
Yes
55%
590 °C
635 °C
5% increments of % solidified

Simulation of the mold filling and solidification procedure requested geometrical models of the
casting, the mould, and the gating system. The preprocessor module of the simulation software
read the STL files as geometry. After the full casting model was prepared, the entire geometry was
enmeshed to 2 million elements. Three different heat transfer coefficients were input to the
prediction calculation: (1) a constant 7000 W/m2 K IHTC (C7000) [27]; (2) the heat transfer
coefficient derived by Yu [29]; (3) the heat transfer coefficients calculated by the inverse
algorithms in this experiment. The thermophysical properties of the magnesium AZ31 alloy
obtained by the literature [18, 25, and 28] were input into the database of the simulation software.
The preliminary and boundary conditions during simulation are listed in Table 6 - 4. Upon the
completion of the geometry enmeshment and the process parameter selection, the filling and
solidification simulations were executed. The accuracy, computational time and potential
industrial application were taken into the consideration for the selection of the finite differencealgorithm-based numerical computation (Solver).
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Table 6 – 4. Initial and boundary conditions for simulation
1 Material definitions
(initial temperature) (°C)
2 Boundary definitions
(heat transfer coefficient)
(W/m2K)
3 Filling definitions
(pouring time) (s)

Cast alloy (AZ31)
Mold (P20)
Casting-mold
Use solver 5

680
225
(1) C7000
(2) Yu’s curve
(3) Inverse method
1.8

5. RESULTS AND DISCUSSIONS
5.1 Pressure Effect on IHTCs
The temperature versus time curves of step 2 under an applied pressure of 60 MPa, at the casting
surface, mold surface, and at the three depths of 2, 4 and 8 mm from the inner mold surface inside
the mold are displayed in Figure 6 - 6. The recorded temperature history of the casting surface
showed that, on the commencement of mould cavity filling, the casting surface temperature at step
2 increased quickly, and arrived at a peak of 578°C within one second. This was because, upon the
cavity filling, the hot molten alloy AZ31 pushed by the plunger led to its touch on thermocouple
D in the mold cavity. Since the complete set of the mold consisted of the two-part split upper
mould and the lower cylindrical bottom mould, the pre-solidification of the poured molten alloy
in the bottom mould could occur at the mould inner surface. It was observed that the recorded
highest temperature of 578°C on the casting surface was lower than the liquidus temperature of
635°C. Right after reaching the peak value, the casting surface temperature decreased speedily to
292°C in 8 seconds. The rapid transient heat conduction from the casting to the mold resulting
from the firm contact at the casting/mould interface generated by the high applied pressure should
be responsible for a quick reduction in the casting surface temperature.

Along with the

temperatures at the casting surface, the temperatures at the three locations inside the mold were
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measured simultaneously by the embedded thermocouples in the mold. It can be seen from Figure
6 - 6 that, compared with the casting surface temperature, the mold temperatures at the three
detected locations (T-A-2 mm, T-B-4 mm and T-C-8 mm) rose slowly from the pre-set temperature
of 225 °C. After the beginning of the cavity filling process, it took about 2.8, 3.7 and 5.3 seconds
for the locations of T-A, T-B and T-C to reach their peak temperatures (T-A_2mm: 299.8°C, TB_4mm: 284.7°C and T-C_8mm: 273.5°C). The relatively slow rise in the mold temperature and
the time delay to the temperature peak of the deep location in the mould might be attributed to the
fact that the transient heat conduction in the mold was slower than that in the casting, as the thermal
conductivity of the AZ31 alloy is almost 3 times higher than that of the P20 tool steel. This also
caused a slow drop in the mold temperatures after the mold peak temperature, before they arrived
at an almost common plateau of 251°C about 40 seconds after the completion of the cavity filling.

It was noted that all the measured mold temperatures were below 300°C. Based on the mold
temperature measurements, the mold surface temperatures given in Figure 6 - 6 were calculated
by the inverse method. The difference in temperature between the casting and mold surfaces
implied that a thermal resistance was present at the casting/mold interface during squeeze casting,
due to the high melting temperature (2,973°C) of the Boron Nitride used for lubrication coating.
However, a rapid increase in the mold surface temperature indicated that the thermal resistance
was limited. This was because the coating applied on the mold surface was very thin, and also the
firm contact between the casting and mold generated by the high applied pressure reduced the
thermal resistance. In addition, an instantaneous rise of the measured casting surface temperature
demonstrated the effectiveness of temperature measurement during squeeze casting.
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Fig. 6 – 6. Temperature versus time curves of step 2 under an applied pressure of 60 MPa, on the
casting surface, the mold surface, and at various positions of 2, 4, and 8 mm from the inner mold
surface inside the mold.
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Fig. 6 – 7. The curves of interfacial heat flux (q) and heat transfer coefficient (IHTC) at step 2 with
an applied pressure of 60 MPa, derived by the inverse method.

The heat flux (q) was derived from the inverse algorithm stated in section 3. Based on determined
mold surface temperature and heat flux as well as the measured casting surface temperature, the
interfacial heat transfer coefficient (IHTC) was computed according to equation 7 given in section
3. Figure 6 - 7 presents the typical curves of interfacial heat flux (q) and heat transfer coefficient
(IHTC) at step 2 with an applied pressure of 60 MPa, estimated by the inverse method. Both the
curves increased promptly to their peaks, and then decreased slowly. The peak values of the heat
flux and the IHTC was 868,674 W/m2 and 4,893 W/m2 K, respectively. The times for reaching the
peaks of the heat flux and the IHTC were 1.4 and 6.2 seconds, respectively. The differences in
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times between the peaks might result from the fast drop in the casting surface temperature and the
relatively slow rise of the die temperature, since the thermal conductivity of the AZ31 alloy is
higher than that of the P20 tool steel.

Fig. 6 – 8. Casting-mold interfacial IHTC curves of step 3 under the three applied hydraulic
pressures of 30, 60, and 90 MPa

Figure 6 - 8 displays the IHTC curves of step 3 at the casting/mold interface under the applied
hydraulic pressures of 30, 60, and 90 MPa. The three curves showed the IHTC values increased
rapidly at the beginning of the squeeze casting process, reached their own maximum values, and
then decreased gradually. The times to reach the summits for 30, 60 and 90 MPa were 6.6, 9.5 and
11.9 seconds, respectively. It appeared that the high applied pressure spent longer time for the
casting/mold interface to reach the IHTC summits. The time variation implied that the high applied
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pressure made the firm contact between the casting and the mold for an extended period of time,
which provided an enhanced heat conduction and material densification condition during the
solidification and shrinkage in squeeze casting of the AZ31 alloy. The maximum IHTC values
were 4,018, 6,583 and 7,580 W/m2 K for the applied pressures of 30, 60 and 90 MPa, respectively.
The increase in the applied pressure from 30 to 60 and 90 MPa enhanced the IHTC values by 64%
and 15%. Evidently, the high applied pressure increased the heat transfer at the metal/mold
interface during the entire period of squeeze casting. However, the enhancement of the IHTC
values was decreased from 64% to only 15% as the pressure increased from 60 to 90 MPa. This
observation inferred that the applied pressure of 60 MPa might be sufficient to improve the heat
transfer at the casting/mold interface for the squeeze casting of the magnesium AZ31 alloy.

5.2 Effect of Casting Wall Thicknesses on IHTCs
Figure 6 - 9 presents the heat transfer coefficient (IHTC) curves for all the 5 steps derived by the
inverse method under an applied pressure of 30 MPa. At all the steps, the IHTC values arose
speedily, and then went downward gradually after reaching their summits. With the 30 MPa
pressure, as the step became thicker and thicker from steps 1 to 5, the maximum IHTC values
increased from 1,739, 3,122, 4,018 6,062 to 7,524 W/m2 K, respectively. Besides the differences
in their maximum IHTC values, the time used for the IHTCs to arrive at their maximum values at
the beginning period of squeeze casting became longer for the thicker steps. Steps 1, 2, 3, 4 and 5
spent 4.3, 5.5, 6.9, 8.5, and 11.6 seconds to reach their summits, respectively. This was because
more time was needed for the pressure transfer from the plunger to the metal/mold interface. Also,
it took much longer time for the thick steps (steps 5) to reduce their IHTC values to their own low
levels than those of the thin steps. This observation indicated that the much firmed contact between
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the casting and mold inner surface were present at the thick steps for the extended times. Hence,
the section thickness considerably influenced the IHTC variation with casting processing times
and the corresponding maximum values, which became longer and larger with increasing the
applied pressure levels.

Fig. 6 – 9. Interfacial heat transfer coefficients (IHTC) curves of 5 steps under an applied pressure
of 30 MPa

Figure 6 - 10 gives the IHTC peak values for all the five steps at three different applied pressure
levels of 30, 60 and 90 MPa. Examination of the displayed curves revealed the similarities between
the IHTC peak values of the five thicknesses under three applied pressures.
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Fig. 6 – 10. The peak IHTC values of 5 steps estimated by the inverse method with the applied
pressures of 30, 60 and 90 MPa

At the each pressure, the IHTCs increased with increasing the section thicknesses from step 1 to
5. For instance, under the applied pressure of 30 MPa, the IHTCs of steps 1, 2, 3, 4 and 5 were
1739, 3122, 4018, 6062 and 7524 W/m2 K. As the section thickness increased from 2 to 4, 8, 12
and 20 mm, the IHTC values increased by 80%, 131%, 249% and 333%. Meanwhile, the high
applied pressure of 90 MPa increased the peak IHTC values to 4499, 6156, 7580, 9691 and 10602
W/m2 K for the section thicknesses of 2, 4, 8, 12 and 20 mm, respectively. The increase in the
applied pressure from 30 to 90 MPa led to an increase of 159%, 97%, 89%, 60% and 41% in the
IHTC for the section thicknesses of 2, 4, 8, 12 and 20 mm, respectively. The high applied pressure
appeared less effective for the IHTCs of the thick section than those of the thin sections. The
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requirement of the high pressure to maintain the firm contact for heat transfer between the rigid
thin section due to the rapid solidification and the mold might be responsible for the pressure
effectiveness on the IHTC increase.

5.3 IHTC Relations with Section Thicknesses
From the interfacial heat transfer coefficient (IHTC) curves varying with the section thicknesses
and the temperatures, the peak IHTC value (h) empirical equation as a function of section
thicknesses (t) and casting temperatures (T) were derived for all the five steps by multivariate
linear and polynomial regression.

For the applied pressure of 30 MPa,
hp30 = - (1.4388t – 12.5266) T + 1,139.4590t – 5,291.1901
(The correlation coefficient: R30 = 0.9815)

For the applied pressure of 60 MPa,
hp60 = - (4.8345t – 35.9994) T + 3,188.1518t – 17,472.1702
(The correlation coefficient: R60 = 0.9992)

For the applied pressure of 90 MPa,
hp90 = - (8.0700t - 24.5289) T + 5,124.6365t – 9,979.1059
(The correlation coefficient: R90 = 0.9991)
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where t is the casting section thickness in mm with the range from 2 to 20 mm, and T is the casting
temperatures with the range from 210 to 620°C, and the correlation coefficient R varies from
0.9815 to 0.9992.

5.4 IHTC Verification

As a 5-step magnesium alloy AZ31 was squeeze casted under 60 MPa pressure with a melt
temperature of 735°C and a mold temperature of 225°C, the temperature history in the center of
the fifth step is shown in Fig. 6 - 11.

Fig. 6 – 11. An experimental cooling curve in the centre of step 5 of the AZ31 step casting under
an applied pressure of 60 MPa

In the squeeze casting experiment, once the molten alloy was pushed into cavity, the temperature
recorded by the first segment of the cooling curve increased very rapidly. Upon the arrival of the
molten alloy at the center of step 5, the temperature reached its maximum of 629°C within one
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second. Since the liquidus temperature (635 °C) of the AZ31 alloy is slight higher than 629°C, the
liquid state was maintained in the center of step 5 at the end of the cavity filling process. The
presence of the highest temperature 629°C, which was only six degrees lower than the liquidus
temperature, implied that the pre-solidification might occur in the skin of the 5-step casting close
to the casting/mold interface during filling. This was because the center of step 5 should be the last
solidification region. It took about 7.4 seconds for the temperature to drop to the solidus
temperature of 424°C from 635°C. Afterwards, the temperature decreased slowly and reached to
298°C at the 40th seconds.

To verify the determined IHTC, the temperature profiles of the AZ31 step casting were predicted
by the employed simulation package, in which the different IHTCs were imported along with the
same mold materials and process parameters. The predicted temperature histories at the center of
step 5 were compared among the different IHTCs.

Figure 6 - 12 displays a sequence of the temperature isocontour plots inside the step-5 casting
simulated by inputting three different HTCs, as 80% of the casting volume was solidified. The
difference in the temperature distribution was visible among the simulated three cases by using a
constant IHTC of 7000 W/m2 K [22], the IHTC data from Yu’s research [23] and the determined
IHTC in this study. For the purpose of comparison, the cooling curves in the center of step 5
predicted by using the three different IHTCs were named “C7000” for the constant of 7000 W/m2
K, “YU” for Yu’s work, “Inverse Method” for the present study, and “Experimental” for the
experimental measurement.
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(a)

(b)
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(c)
Fig. 6 – 12. Temperature isocontours of the step casting with 80 % of the solidified casting
volume predicted by using different IHTCs, (a) 7000 W/m2 K, (b) Yu’s work and (c) the present
experiment.

Fig. 6 - 13 compares the experimental measurement to numerical predications. The entire cooling
duration from 625 to 325°C was displayed in Fig. 6 - 13(a). To reveal the difference between the
predicted and measured cooling curves in details, Fig. 6 - 13(b) presents the zoomed-in graph,
which was focused the solidification range of the AZ31 alloy. Curves “C-7000” and “YU”
presented in Fig. 6 - 13 stood above the other two curves of “Inverse Method” and “Experimental”.
The relatively high temperatures of curves “C-7000” and “YU” over the entire solidification and
cooling period indicated that the selection of the constant 7000 and the YU’s IHTC resulted in an
underestimation of the IHTC values for the squeeze casting of the AZ31 alloy. Curve “Inverse
Method” given in Fig. 6 - 13(b) represents the predicted temperatures by using the IHTC data
derived from the inverse algorithms in this study. The computational result from the inverse
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method was in very good agreement with experimental one compared to those resulting from other
methods.

(a)

(b)
Fig. 6 – 13. Experimental and computational cooling curves at the center of step 5 under an
applied pressure of 60 MPa, (a) the entire cooling duration, and (b) the enlarged range of the first
20 seconds
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Fig. 6 - 14 displays the temperature differences between the computational results and
experimental measurements at the center of step 5 under an applied pressure of 60 MPa.

The

largest and the average temperature differences were 17.8 and 2.1°C for the “C7000”, and 13.6
and 1.4°C for the “YU”, respectively. However, the maximal temperature difference was only
7.4°C and the mean temperature gap was 0.7°C between the mathematical calculation of the
inverse algorithm and the experimental measurements during the solidification of the squeeze cast
AZ31 alloy. This observation suggested that the inverse algorithm was capable of determining the
IHTC between the squeeze casting and mold precisely and reliably. A small discrepancy between
the experimental measurement and the computed temperatures was present, which could be
resulted from the inaccuracy in the measurement of the casting surface temperatures for the IHTC
calculation.

Temperature Difference (°C)

20

C7000 Experimental

15

YU - Experimental
Inverse Method Experimental

10
5
0
-5
0

2

4

6

8

10

Time (Second)
Fig. 6 – 14. Temperature differences between the computational results and experimental
measurements at the center of step 5 under an applied pressure of 60 MPa.
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Additionally, it was very difficult to precisely measure the temperatures in the casting center
during the cavity filling and the solidification under the very high applied pressure of 60 MPa.
Furthermore, during the calculation of the mold surface temperature with the inverse method, the
fixed values of the thermal conductivity (TC) and specific heat (SH) for the P20 steel were
employed. As known, with increasing temperatures, the thermal conductivity decreases while heat
capacity increases for metallic alloys. The employment of the fixed TC and SH values instead of
using the temperature-dependent relations could cause a possible inaccuracy of the IHTC values,
and consequently the deviation between the computed and measured cooling curves.

6. CONCLUSIONS

1. Magnesium AZ31 alloy with five different section thicknesses corresponding to five steps (2, 4,
8, 12, 20 mm for steps 1, 2, 3, 4, 5) was squeeze cast under the applied pressures of 30, 60, and 90
MPa. The heat fluxes and IHTC values at the casting/mold interface were calculated by the inverse
method. Upon the commencement of the squeeze casting process, the heat fluxes and IHTCs rose
rapidly to their maximum values and decreased steadily to the low values.

2. The applied pressures affected the maximum IHTC values significantly. The maximum IHTC
values of step 3 were 4,018, 6,583 and 7,580 W/m2 K for the applied pressures of 30, 60 and 90
MPa, respectively. The increase in the applied pressure from 30 to 60 and 90 MPa enhanced the
IHTC values by 64% and 15%. Evidently, the high applied pressure increased the heat transfer at
the casting/mold interface during the entire period of squeeze casting. However, the enhancement
of the IHTC values was decreased from 64% to only 15% as the pressure increased from 60 to 90
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MPa. This observation inferred that the applied pressure of 60 MPa might be sufficient to improve
the heat transfer at the casting/mold interface for the squeeze casting of the Mg alloy AZ31.
3. The considerable influence of the casting section thicknesses on the IHTC values was revealed.
With the 30 MPa pressure, as the step became thicker and thicker from steps 1 to 5, the maximum
IHTC values increased from 1,739, 3,122, 4,018 6,062 to 7,524 W/m2 K, respectively Besides the
differences in their maximum IHTC values, the time used for the IHTCs to arrive at their maximum
values at the beginning period of squeeze casting became longer for the thicker steps. Steps 1, 2,
3, 4 and 5 spent 5.1, 6.4, 7.8, 9.3, and 10.9 seconds to reach their summits, respectively. This was
because more time was needed for the pressure transfer from the plunger to the metal/mold
interface. Also, it took much longer time for the thick steps (steps 4 and 5) to reduce their IHTC
values to their own low levels than those of the thin steps.

4. Under the applied pressure of 60 MPa, the IHTCs of steps 1, 2, 3, 4 and 5 were 2352, 4893,
6583, 7685 and 9915 W/m2 K. As the section thickness increased from 2 to 4, 8, 12 and 20 mm,
the IHTC values increased by 108%, 180%, 227% and 322%. Meanwhile, the high applied
pressure of 90 MPa increased the peak IHTC values to 4499, 6156, 7580, 9691 and 10602 W/m2
K for the section thicknesses of 2, 4, 8, 12 and 20 mm, respectively. The increase in the applied
pressure from 30 to 90 MPa led to an increase of 159%, 97%, 89%, 60% and 41% in the IHTC for
the section thicknesses of 2, 4, 8, 12 and 20 mm, respectively.

5. The high applied pressure appeared less effective for the IHTC increase of the thick section than
those of the thin sections. The requirement of the high pressure to maintain the firm contact for
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heat transfer between the rigidity thin section due to the rapid solidification and the mold might be
responsible for the pressure effectiveness on the IHTC increase.
6. The empirical equations for all the steps relating the IHTCs to the section thickness and casting
temperature under the applied pressures ranging from 30 to 90 MPa were developed by
multivariate linear and polynomial regression.
7. The computational result from the inverse method was in excellent agreement with experimental
one compared to those resulting from other methods. The maximal temperature differences were
about 7.4°C and the mean temperature gap were around 0.7°C between mathematical calculation
of the inverse algorithms and experimental measurements during the solidification of the squeeze
cast AZ31 alloy.
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CHAPTER 7
DISSERTATION SUMMARY

Based on aiming goal of this study described in Chapter 1, a 5-step casting mold was developed
and applied in the experiment. The interfacial heat transfer coefficients and heat transfer
phenomena at interfaces of casting and mold under different hydraulic pressures taking place in
squeeze casting of aluminum alloy A380, magnesium alloys AZ91, and wrought magnesium alloy
AZ31 were characterized. To accurately determine the interfacial heat transfer coefficient, the
inverse modeling method was employed. The main conclusions from this study could be keynoted
as follows:

1. The influences of applied pressure and casting section thicknesses on the IHTCs of aluminum
cast alloy A380, magnesium cast alloy AZ91, and magnesium wrought alloy AZ31 were
successfully determined by applying the design of the 5-step casting mold.
2. A mathematical model based on the finite difference method and inverse method was developed
for the determination of IHTCs of aluminum cast alloy A380, magnesium cast alloys alloy AZ91,
and magnesium wrought alloy AZ31 prepared by the squeeze casting process.
3. The multi-variation and polynomial regression method was utilized for correlating the IHTCs
to the casting section thicknesses and temperatures for aluminum cast alloy A380, magnesium cast
alloys alloy AZ91, and magnesium wrought alloy AZ31.
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4. Based on methods briefly described above, the IHTCs in squeeze casting of aluminum cast alloy
A380 under an applied pressure of 90 MPa were determined. The peak heat flux and IHTC values
for step 3 were 4.51E+05 W/m2 and 7909 W/m2 K. For all the five steps, the IHTC values increased
sharply at the beginning right after the liquid metal was pushed into the die cavity, and then
dropped gradually after their peaks reached. The thickness of the step casting had a significant
influence on the IHTC values. The IHTC values increased as the section thickness increased. For
the five steps from one to five, the peak IHTC values were 4824, 5932, 7909, 10,575 to 14,531
W/m2∙K, respectively. Also, the IHTC-time curves changed as the section thickness varied. The
profile of the IHTC curve became wider as the casting section thickness increased.
5. For magnesium cast alloy AZ91, the IHTC peak values were observed under applied pressures
of 60MPa. From steps 1–5, the peak IHTC values varied from 4420, 5127, 6989, 9195, to 10,122
W/m2 K.
6. Additional work was performed to study the effects of both the applied pressures and the section
thicknesses on the IHTCs of magnesium cast alloy AZ91 under the four pressure levels of 0, 30,
60, and 90 MPa. The peak values of the IHTCs under those pressures of 0, 30, 60, and 90 MPa
were 5544, 7643, 10,122 and 11,850 W/m2 K, respectively. Under the applied pressure of 0 MPa,
the peak IHTC values were 1342, 2099, 3258, 4106, and 5544 W/m2 K for steps 1-5, respectively.
With the pressures of 30 MPa and 90 MPa, the maximum IHTCs changed from 2454, 3390, 4728,
6199 to 7643 W/m2 K, and4888, 6411, 7742, 9823 to 11,206 W/m2 K for steps 1-5, respectively.
The increases in IHTC indicated that the solid contact between the metal and die surface could be
reached under the higher applied pressures at thicker steps. The thicker step required longer time
to reach the peak values due to the additional time needed for the pressure transfer.
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7. For magnesium wrought alloy AZ31, the IHTC was investigated under applied pressure of 30,
60 and 90 MPa. The peak IHTC values varied from 1739, 3122, 4018, 6062 to 7524 W/m2 K for
the squeeze casting with section thicknesses of 2, 4, 8, 10 and 20 mm, respectively, under an
applied pressure of 30 MPa. While the AZ31 alloy was squeeze cast under 60 and 90 MPa, the
IHTC values changed from 2352, 4893, 6583, 7685, to 9915 W/m2 K plus 4499, 6156, 7580, 9691
to 10602 W/m2 K for steps 1-5, respectively. The increases in IHTC indicated that the solid contact
could be reached at the metal/die interface for the thicker steps, since the thicker step required
longer time to reach the peak values due to the additional time needed for the pressure transfer.
8. The casting section thickness influenced IHTC significantly. The peak values of the IHTC
increased as the steps became thicker. The high IHTC peak value for the thicker step should mainly
attributed to the large temperature differences and relatively high hydraulic pressures.
9. For magnesium alloy AZ91 and wrought magnesium alloy AZ31, a comparison was carried out
between the measured temperature data and the temperature profiles predicted by MAGMASoft
simulation. The results indicated that the accurate and reliable results of the step squeeze casting
simulation were obtained when the varied IHTC values calculated by the inverse method were
assigned to each step, in comparison to the input of the constant IHTC value applied to all the five
steps.
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CHAPTER 8
FUTURE EXPERIMENTS

This study conducted in this dissertation provides the basis on which further experiments can be
explored in the following places.
To investigate mechanical properties of squeeze cast magnesium wrought alloys influenced
by casting section thicknesses and processing parameters such as pressures, pressure
holding time, and/or casting temperatures of molten alloys;
To explore the relations among the interfacial heat transfer coefficients, the mechanical
properties, and cooling behaviours of the squeeze cast wrought magnesium alloys.
To establishing the relation among squeeze casting process parameters, mechanical
properties, and microstructure evolution under different hydraulic pressures.
To complement thermophysical data of magnesium and aluminum cast and wrought alloy
as properties in the casting simulation software (MAGMAsoft), it can simulate more
promising magnesium and aluminum wrought and cast alloys of which data may not be
stored in the system. Hopefully, a comprehensive database for the simulation software will
be available in the near future, and more light alloys can be simulated to accelerate the
development of high strength and quality lightweight engineering components.
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APPENDIX B
MATLAB SOUCE CODE OF INVERSE MODELING METHOD
MATLAB 7.1.0.246 (R14)
Inverse_method.m
function fd1d_heat_implicit ( )
%% MAIN is the main program for FD1D_HEAT_IMPLICIT.
%
% FD1D_HEAT_IMPLICIT solves the 1D heat equation with an implicit method.
%
% This function solves
%
%dUdT - k * d2UdX2 = F(X,T)
%
% over the position interval [A,B] with boundary conditions
%
% U(A,T) = UA(T), %
U(B,T) = UB(T),
%
% over the temperature interval [T0,T1] with initial conditions
%
%U(X,T0) = U0(X)
%
% The code uses the finite difference method and an implicit to
calculate % backward Euler approximation to the first derivative in time.
%
% The finite difference form can be written as
%
%
------------------ = F(X,T+dt) + k * -------------------------------------%
dt
dx * dx
%
% so that we have the following linear system for U at time T+dt:
%
%
- k * dt / dx / dx * U(X-dt,T+dt)
% + ( 1 + 2 * k * dt / dx / dx ) * U(X, T+dt)
%
- k * dt / dx / dx * U(X+dt,T+dt)
% =
dt
* F(X, T+dt)
% +
U(X, T)
%
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timestamp ( );
fprintf ( 1, '\n' );
fprintf ( 1, 'FD1D_HEAT_IMPLICIT\n' );
fprintf ( 1, ' MATLAB version\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' Finite difference solution of\n' );
fprintf ( 1, ' the time dependent 1D heat equation\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' Ut - k * Uxx = F(x,t)\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' for space interval A <= X <= B with boundary conditions\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' U(A,t) = UA(t)\n' );
fprintf ( 1, ' U(B,t) = UB(t)\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' and temperature T0 <= T <= T1 with initial condition\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' U(X,T0) = U0(X).\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' A second order difference used for Uxx.\n' );
fprintf ( 1, '\n' );
fprintf ( 1, ' A first order backward Euler difference approximation\n' );
fprintf ( 1, ' is used for Ut.\n' );
k = 5.0E-07;
%
% Set X values.
%
x_min = 0.0;
x_max = 0.3;
x_num = 11;
x_delt = ( x_max - x_min ) / ( x_num - 1 );
x = zeros ( x_num, 1 );
for i = 1 : x_num
x(i) = ( ( x_num - i ) * x_min ...
+(
i - 1 ) * x_max ) ...
/ ( x_num - 1 );
end
%
% Set T values.
%
t_min = 0.0;
t_max = 720.0;
t_num = 51;
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t_delt = ( t_max - t_min ) / ( t_num - 1 );
t = zeros ( t_num, 1 );
for j = 1 : t_num
t(j) = ( ( t_num - j ) * t_min ...
+(
j - 1 ) * t_max ) ...
/ ( t_num - 1 );
end
%
% Set the initial data, for T_MIN.
%
u = zeros ( x_num, t_num );
u(1:x_num,1) = u0 ( x_min, x_max, t_min, x );
%
% The matrix A does not change with time. We can set it once,
% factor it once, and solve repeatedly.
%
a = sparse ( [], [], [], x_num, x_num );
w = k * t_delt / x_delt / x_delt;
a(1,1) = 1.0;
for i = 2 : x_num - 1
a(i,i-1) =
- w;
a(i,i ) = 1.0 + 2.0 * w;
a(i,i+1) =
- w;
end
a(x_num,x_num) = 1.0;
b = zeros ( x_num, 1 );
fvec = zeros ( x_num, 1 );
for j = 2 : t_num
%
% Set the right hand side B.
%
b(1) = ua ( x_min, x_max, t_min, t(j) );
fvec = f ( x_min, x_max, t_min, t(j), x_num, x );
b(2:x_num-1) = u(2:x_num-1,j-1) + t_delt * fvec(2:x_num-1);
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b(x_num) = ub ( x_min, x_max, t_min, t(j) );
u(1:x_num,j) = a \ b(1:x_num);
end
%
% Write data to files.
%
x_file = 'x.txt';
header = 0;
dtable_write ( x_file, x_num, 1, x,
header ); fprintf ( 1, '\n' );
fprintf ( 1, ' X data written to "%s".\n', x_file );
t_file = 't.txt';
dtable_write ( t_file, t_num, 1, t, header );
fprintf ( 1, ' T data written to "%s".\n', t_file );
u_file = 'u.txt';
dtable_write ( u_file, x_num, t_num, u, header );
fprintf ( 1, ' U data written to "%s".\n', u_file );
%
% Make a product grid of T and X for plotting.
%
[ t_grid, x_grid ] = meshgrid ( t, x );
%
% Make a mesh plot of the solution.
%
mesh ( t_grid, x_grid, u );
%
% Terminate.
%
fprintf ( 1, '\n' );
fprintf ( 1, 'FD1D_HEAT_IMPLICIT\n' );
fprintf ( 1, ' Normal end of execution.\n' );
fprintf ( 1, '\n' );
timestamp ( );
return
end
function dtable_write ( output_filename, m, n, table, header )
%****************************************************************
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% Parameters:
%
% Input, string OUTPUT_FILENAME, the output filename.
%
% Input, integer M, the spatial dimension.
%
% Input, integer N, the number of points.
%
% Input, real TABLE(M,N), the points.
%
% Input, logical HEADER, is TRUE if the header is to be included.
%
output_unit = fopen ( output_filename, 'wt' );
if ( output_unit < 0 )
fprintf ( 1, '\n' );
fprintf ( 1, 'DTABLE_WRITE - Error!\n' );
fprintf ( 1, ' Could not open the output file.\n' );
error ( 'DTABLE_WRITE - Error!' );
return;
end
for j = 1 : n
for i = 1 : m
fprintf ( output_unit, '%14f ', table(i,j) );
end
fprintf ( output_unit, '\n' );
end
fclose ( output_unit );
return
end
function value = f ( a, b, t0, t, x_num, x )
%****************************************************************
%
%% F returns the right hand side of the heat equation.
%
% Parameters:
%
% Input, real A, B, the left and right endpoints.
%
% Input, real T0, the initial temperature.
%
% Input, real T, the current temperature.
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%
% Input, integer X_NUM, the number of points.
%
% Input, real X(X_NUM), the current spatial positions.
%
% Output, real VALUE(:), the prescribed value of U(X(:),T0).
%
value = zeros ( x_num, 1 );
return
end
function timestamp ( )
%***************************************************************%
%% TIMESTAMP prints the current YMDHMS date as a timestamp.
%
t = now;
c = datevec ( t ); s =
datestr ( c, 0 ); fprintf
( 1, '%s\n', s );
return
end
function value = u0 ( a, b, t0, x )
%***********************************************************%
%% U0 returns the initial condition at the starting time.
%
% Parameters:
%
% Input, real A, B, the left and right endpoints
%
% Input, real T0, the initial time.
%
% Input, real T, the current time.
%
% Input, real X(:), the positions at which the initial condition is desired.
%
% Output, real VALUE, the prescribed value of U(X,T0).
%
value = x;
value = 100.0;
return
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end
function value = ua ( a, b, t0, t )
%***********************************************************%
%% UA returns the boundary condition at the left endpoint.
%
% Parameters:
%
% Input, real A, B, the left and right endpoints
%
% Input, real T0, the initial time.
%
% Input, real T, the current time.
%
% Output, real VALUE, the prescribed value of U(A,T).
%
x = a;
value = 20;
return
end
function value = ub ( a, b, t0, t )
%**********************************************************%
%% UB returns the boundary condition at the right endpoint.
%
% Parameters:
%
% Input, real A, B, the left and right endpoints
%
% Input, real T0, the initial time.
%
% Input, real T, the current time.
%
% Output, real VALUE, the prescribed value of U(B,T).
%
x = b;
value = 20;
return
end
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clear; clc;
T_m = dlmread('step1-T1T4.txt');
% M = dlmread(filename) reads from the ASCII-delimited numeric data
% file filename to output matrix M. The filename input is a string
% enclosed in single quotes. The delimiter separating data elements is
% inferred from the formatting of the file. Comma (,) is the default
% delimiter.
%

[m,~] = size(T_m);
T_c = zeros(m,4);
t_q = zeros(m,4);
t_newq = zeros(m,4);
X = zeros(m,1);
Tmp = zeros(m+1,6);
q = zeros(m+1,1);
% Define the temperature’s parameters.
%
T_c(1,:) = T_m(1,1);
q(1) = 5e1;
eq = 1e0;
p = 1;
Tmp(1,1) = q(1);
t_q(p,:) = get_T(T_m,T_c,q(p),p);
newq = q(p) + eq;
t_newq(p,:) = get_T(T_m,T_c,newq,p);
X(p) = (t_newq(p,2) - t_q(p,2))/eq;
q(2)=q(p);
T_c(p+1,:) = t_q(p,:);
fd1d_heat_implicit ('step1-T1T4.txt')
for p = 2:m-1
q(p) = 5e1;
while 1 == 1
t_q(p,:) = get_T(T_m,T_c,q(p),p);
T_c(p+1,:) = t_q(p,:);
newq = q(p) + eq;
t_newq(p,:) = get_T(T_m,T_c,newq,p);
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X(p) = (t_newq(p,2) - t_q(p,2))/eq;
delta_q = (((T_m(p,1)-t_q(p-1,2))*X(p-1))+((T_m(p+1,1)-t_q(p,2))*X(p)))/(X(p1)^2+X(p)^2);
if (delta_q/q(p)) < 0.01
Tmp(p,1) = q(p);
break;
else q(p) = q(p) + delta_q;
end
end
end
Tmp(1,2:5) = T_m(1,1);
Tmp(2:m+1,2:5) = t_q;
t = 0:m-1; figure(5)
plot(t,Tmp(1:561,3),':',t,T_m(:,1),'--')
text(300,360,'-- T1 measured','FontSize',9)
text(300,375,'.. T1
calculated','FontSize',9)
figure(6)
plot(t,Tmp(1:561,2),':',t,Tmp(1:561,3),'',t,Tmp(1:561,4),'',t,Tmp(1:561,5),'',t,T_m(:,2),'')
text(300,360,'.. T0 calculated','FontSize',9)
text(300,370,'-- T1 calculated','FontSize',9)
text(300,380,'-- T2 calculated','FontSize',9)
text(300,390,'-- T3 calculated','FontSize',9)
text(300,400,'-- T4 measured','FontSize',9)
figure(7)
t = 0:m;
plot(t,q)
title('q')
t = 0:m-1;
m_c = Tmp(1:561,3)-T_m(:,1);
figure(8)
plot(t,m_c)
Tmp(1:561,6) = m_c;
dlmwrite('0421-step1-Table.txt', Tmp, 'precision', '%.2f', 'newline', 'pc');
Get_T.m
function T = get_T(T_m,T_c,q,p)
F_0 = 0.2;
alpha = 8.27e-6;
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deltaT = 0.1;
k = 29.5;
deltaX = 2e-3;
A = [(1+2*F_0), -2*F_0,
0, -F_0,
(1+2*F_0), -F_0,
0 0, -F_0,
(1+2*F_0), -F_0 0,
0, -F_0,
(1+2*F_0)];
g = ((2*alpha*q*deltaT)/(k*deltaX));
C = [T_c(p,1)+g
T_c(p,2)
T_c(p,3)
T_c(p,4)+F_0*T_m(p,2)];
T = A\C;
T=T';
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